Polyimides modifications and carbon molecular sieves derived from polyimides for gas separation by SHAO LU
 
 
POLYIMIDES MODIFICATIONS AND CARBON 
MOLECULAR SIEVES DERIVED FROM  















Department of Chemistry 
National University of Singapore 
2005 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
ACKNOWLEDGEMENT 
 
I would like to thank all whose who have provided me the guidance and support on my 
path route to complete the Ph.D. thesis. First of all, I am very grateful to Prof. Neal 
Chung Tai-Shung, Prof. Goh Suat Hong and Dr. Pramoda Kumari Pallathadka for their 
enlightening instructions not only on academic aspect but on the personal character 
shaping.  
 
Many thanks to Dr. Glen Wensley for supplying me the raw materials. Special thanks 
are due to Dr. Liu Ye for providing me the materials for my research and Dr. Chao 
Chun for his useful help to direct me in my initial research work. 
 
I would like to acknowledge the financial support from the A*Star and NUS with the 
grant numbers of R-279-000-113-304 and R-279-000-108-112. 
 
I thank all the people for their suggestions including Dr. Li Dong Fei, Dr. Li Xue Dong, 
Dr. Goh Ho Wee, Dr. Huang Xu Dong, Miss Teo May May, Miss Shi Meng, Miss Tin 
Pei Shi, Miss Wang Yan, Miss Chng Mei Lin, Miss Guo Wei Fen, Miss Jiang Lanying, 
Miss Qiao Xiang Yi, Mr. Zhou Chun, Mr Xiao You Chang, Mr. Xiong Jun Ying, Mr 
Wang Kai Yu, Mr. Li Yi, and Mr. Liu Rui Xue. I would also extend my thanks and 
appreciation to my other friends in IMRE and NUS. 
 
No doubt, the unconditional love from my family provides me the strongest moral 
 i
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
support to pursue my academic achievement. I would like share in the accomplishment 










































Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
TABLE OF CONTENTS 
 
ACKNOWLEGEMENT                                                  
TABLE OF CONTENTS 
SUMMARY 
NOMENCLATURE 
LIST OF TABLES 
LIST OF FIGURES 
 
CHAPTER 1 INTRODUCTION AND OVERVIEW 
1.1 Membranes for Gas Separation 
1.1.1 Membrane definition and history review 
1.1.2 Polymeric membrane materials 
1.1.3 Equilibrium state in rubbery polymers and non-equilibrium state in glassy
polymers 
 
1.1.4 Plasticization phenomena in glassy polymers 
1.2 Polyimide as Membrane Materials for Gas Separation 
1.3 Polyimide Modification  
1.3.1  Thermal modification 
1.3.2  UV modification 
1.3.3  Ion beam modification 
1.3.4  Interpenetrating networks (IPNs) 
1.3.5  Chemical modification 














































1.4 Carbon Molecular Sieve Membranes (CMSMs) for Gas Separation  
1.5 Fabrication Factors Affecting Gas Transport Properties of CMSMs 
1.6 Industrial Applications of Membrane Gas Separation Technology 
1.6.1 Oxygen enrichment 
1.6.2 Nitrogen enrichment 
1.6.3 Hydrogen recovery 
1.6.4 Natural gas separation 
1.7 Research Objectives and Dissertation Outline 
 
CHAPTER 2 BACKGROUND AND THEORY 
2.1 Fundamentals  
2.2 Gas Transport Mechanisms in Membranes 
2.3 Gas Transport in Rubbery Polymers 
2.4 Gas Transport in Glassy Polymers 
2.5 Factors Affecting Gas Transport in Glassy Polymers  
   2.5.1 Gas physicochemical properties 
   2.5.2 Separation conditions 
   2.5.3 Polymer physicochemical properties 
 
CHAPTER 3 EXPERIMENTAL AND METHOD 
3.1 Materials 
3.2 Dense Membrane Preparation 
 iv



















3.3 Membrane Chemical Modification and Following Thermal Annealing 
3.4 Thermal Treatment and Carbonization Procedure 
3.5 Pure Gas Permeation Characterization 
3.6 Mixed Gas Permeation Characterization 
3.7 Pure Gas Sorption Characterization 
3.8 Characterization of Physical and Chemical Properties 
3.8.1 Fourier transform infrared (FTIR) spectrometer 
3.8.2 Thermogravimetric analysis (TGA) 
3.8.3 X-ray photoelectron spectroscopy (XPS) 
3.8.4 Gel content test 
3.8.5 Measurement of density 
3.8.6 TGA-FTIR 
3.8.7 Ultraviolet (UV) spectra 
3.8.8 Scanning electron microscope (SEM) 
3.8.9 Wide-angle x-ray diffractometer (WAXD) 
3.8.10 Polarizing light microscope (PLM) 
3.8.11 Inherent viscosity (IV) 
3.8.12 Differential scanning calorimetry (DSC) 
 
CHAPTER 4 TRANSPORT PROPERTIES OF CROSS-LINKED POLYIMIDE 
MEMBRANES INDUCED BY DIFFERENT GENERATIONS OF 






















Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
4.1 Introduction 
4.2 Experimental 
4.2.1 Materials and dense membrane preparation 
4.2.2 Membrane modification 
4.2.3 Characterization 
4.2.4 Measurements of gas transport properties 
4.3 Results and Discussion 
4.3.1 Characterization of 6FDA-durene films cross-linked by DAB dendrimers 
4.3.2 Gas transport properties of G1 cross-linked films: general features 
4.3.3 A comparison of gas transport properties of G1, G2 and G3 cross-linked  
films 




CHAPTER 5 THE EFFECT OF 1,3-CYCLOHEXANEBIS ( METHYLAMINE) 
MODIFICATION ON GAS TRANSPORT AND PLASTICIZATION 

























5.2.1 Materials and dense membrane preparation 
5.2.2 Membrane chemical modification and thermal annealing 
 vi
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
5.2.3 Characterization 
5.2.4 Measurements of gas transport properties 
5.3 Results and Discussion 
5.3.1 Characterization of modified polyimide films   
5.3.2 Gas sorption  
5.3.3 Gas transport properties of modified films 
5.3.4 The effects of thermal annealing on the CO2 plasticization resistance 
5.4 Conclusions 
 
CHAPTER 6 POLYIMIDE MODIFICATION BY A LINEAR ALIPHATIC DIAMINE 

























6.2 Experimental  
6.2.1 Materials and preparation methods 
6.2.2 Diamino chemical and thermal modification of polyimides 
6.2.3 Chemical and physical characterization of modified polyimides 
6.2.4 Measurements of transport properties  
6.3 Results and Discussion 
6.3.1 Chemical characterization of unmodified and modified 6FDA-durene  
6.3.2 Physical characterizations of unmodified and modified 6FDA-durene 
6.3.3 Transport properties  
 vii
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
6.3.4 CO2 plasticization resistance of unmodified and modified 6FDA-durene 
6.3.5 Mixed gas permeation tests 
6.4 Conclusions 
 
CHAPTER 7 THE EVOLUTION OF PHYSICOCHEMICAL AND TRANSPORT 
PROPERTIES OF 6FDA-DURENE TOWARD CARBON 
























7.2.1 Membrane preparations 
7.2.2 Annealing and carbonization procedure 
7.2.3 Transport property measurements of membranes  
7.2.4 Characterization of treated membranes 
7.3 Results and Discussion 
7.3.1 The evolution of physicochemical properties of 6FDA-durene  
during carbonization 
7.3.2 Transport property of intermediate and carbon membranes treated by  
P1 protocol 
7.3.3 A performance comparison between thermally treated 6FDA-durene  




Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
CHAPTER 8 CASTING SOLVENT EFFECTS ON MORPHOLOGIES, GAS 
TRANSPORT PROPERTIES OF A NOVEL 6FDA/PMDA-TMMDA 
POLYIMIDE MEMBRANE AND ITS DERIVED CARBON 
MEMBRANES 
8.1 Introduction 
8.2 Experimental  
8.2.1 Materials  
8.2.2 Membrane preparations 
8.2.3 Characterizations 
8.2.4 Measurements of gas transport properties 
8.2.5 Preparation of carbon molecular sieves membranes (CMSMs) 
8.3 Results and Discussion  
8.3.1 6FDA/PMDA-TMMDA membranes cast from different solvents 
8.3.2 PLM, XRD, FTIR and gas sorption characterizations 
8.3.3 Gas transport properties of membranes cast from different solvents 
8.3.4 A comparison of the current permeability data with literature values 
























8.3.6 Gas transport properties of carbon molecular sieve membranes (CMSMs) 
8.4 Conclusions 
 
CHAPTER 9 COCLUSIONS AND RECOMMENDATIONS 
 ix













































Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
SUMMARY 
 
This study has discovered a series of novel multi-functional cross-linking agents, 
namely polypropylenimine tetraamine (DAB-AM-4; G1), polypropylenimine 
octaamine (DAB-AM-8; G2), and polypropylenimine octaamine (DAB-AM-16; G3) 
dendrimers, which can cross-link 6FDA-durene films at room temperature and 
enhance its separation performance. The change in gas transport properties is mainly 
attributed to the effects of cross-linking on diffusion coefficient. Dendrimer 
cross-linked 6FDA-durene membranes showed superior gas separation performance to 
the traditional trade-off line of permselectivity vs. permeability relationship.  
 
Furthermore, 1, 3-cyclohexanebis(methylamine) (CHBA) and ethylenediamine (EDA) 
were separately used to modify the polyimide membranes and the modified 
polyimides were thermally treated to enhance anti-plasticization characteristics. The 
combined effects of diaminol cross-linking and thermal annealing significantly 
changed the physicochemical, gas transport properties and plasticization resistance of 
polyimide membranes. The possible reaction mechanisms during diaminol 
modification and annealing have been proposed. CO2 plasticization tests indicate that 
the coupling effects of EDA cross-linking and thermal annealing can improve the 
plasticization resistance of polymide membranes from around 300 psia to more than 
720 psia by the accelerated formation of CTCs. Mixed gas tests demonstrate that 
CO2/CH4 selectivity of EDA cross-linked polyimides was higher in mixed gas tests 
 xi
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than that in pure gas tests because of the strong attractions between CO2 and 
secondary amines. 
  
6FDA-durene (Tg :425 ℃)polyimide with a higher Tg, is applied to study the Tg’s 
effect on the evolution of physicochemical and transport properties of membranes 
from polymeric, intermediate to carbon stages. Interestingly, the gas permeability with 
annealing temperature shows double peaks for medium-size gases such as O2, N2 and 
CH4, and single peaks for light gases such as He, H2 and CO2. The temperature for 
transport properties of membranes derived from the high Tg polyimide to surpass the 
trade-off line occurs around 450 . ℃ The resultant carbon membranes pyrolyzed with 1 
℃/min heating rate show better transport performance than those pyrolyzed with 3 ℃
/min heating rate at low pyrolysis temperatures. However, when the pyrolysis 
temperature is elevated to 800 ℃, the resultant carbon membranes pyrolyzed by 
different protocols all show similar and superior performance for gas separation. 
 
Solvents were observed to play an important role on membrane morphology and gas 
separation performance of a novel 6FDA/PMDA-TMMDA copolyimide. Films cast 
from CH2Cl2 or NMP show amorphous morphology, while films cast from DMF have 
crystalline structure. Gas transport properties of different morphological films are 
significantly different. The differences in transport properties between CMSMs 
derived from different morphological precursors decrease with an increase in pyrolysis 
temperature. At low pyrolysis temperatures, the CMSMs’ structure can be 
 xii
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considerably affected by the decomposition temperature of the precursor; however, at 
high pyrolysis temperatures, the dominant factor for the CMSMs’ structure and 
performance is the pyrolysis temperature due to the complete degradation of the 
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NOMENCLATURE 
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L  
        
Effective area of the membrane (cm2) 
Hole filling constant (1/atm) 
Local penetrant concentration in the polymer
(cm3(STP)/cm3(polymer)) 
Concentration of gas adsorbed into the Langmuir sites
(cm3(STP)/cm3(polymer)) 
Concentration of gas adsorbed into the Henry’s sites 
(cm3(STP)/cm3(polymer)) 
Penetrant diffusion coefficient (cm2/s) 
Pre-exponential factor for activation energy of penetrant 
diffusion (cm2/s) 
Penetrant diffusion constant in a completely amorphous 
polymer (cm2/s) 
Henry’s diffusion coefficient (cm2/s) 
Langmuir’s diffusion coefficient (cm2/s) 
Activation energy of diffusion (kJ/mol) 
Activation energy of permeation (kJ/mol) 
HD /  DD
Henry’s dissolution constant (cm3(STP)/cm3(polymer)-atm) Film thickness (cm) 
xiv
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Film thickness before heating (cm) 
Film thickness after heating (cm) 
Molecular weight 
Penetrant flux through the membrane (cm3/cm2 –s) 
Permeability coefficient (1Barrer = 1 x 10-10
(cm3(STP)/-cm/cm2-s-cmHg) 
Pre-exponential factor for the activation energy of permeation 
(1Barrer = 1 x 10-10 (cm3(STP)/-cm/cm2-s-cmHg) 
Downstream partial pressures of component A (1Barrer = 1 x 
10-10 cm3(STP)/-cm/cm2-s-cmHg) 
Upstream partial pressures of component A (1Barrer = 1 x 10-10
cm3(STP)/-cm/cm2-s-cmHg) 
Permeation flux (cm3/cm2 –s) 
Universal gas constant 
Solubility coefficient (cm3(STP)/cm3(polymer)-cmHg) 
Apparent solubility coefficient (cm3(STP)/cm3(polymer)-cmHg)
Pre-exponential factor for the apparent enthalpy of solution 
(cm3(STP)/cm3(polymer)-cmHg) 
Absolute temperature (K) 
Boiling point ( )℃  
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Gas critical temperature (℃) 
Polymer glassy temperature (℃) 
Volume of the downstream chamber (cm3) 
Occupied volume (cm3) 
Van der Waals volume (cm3) 
Ideal selectivity for component A relative to component B 
Volume fraction of penetrant dissolved in the polymer 
Geometric impedance factor 




4,4’-Hexafluoroisopropylidene bis(phthalic anhydride) 
3,3’,4,4’-Benzophenonetetracarboxylic dianhydride 
Dichloromethane 
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Differential scanning calorimetry 
2,3,5,6-Tetramethyl-1,4-phenylenediamine 
Ethylenediamine 
Fourier transform infrared 
Polyamidoamine 
Polyimide 
Polarizing light microscope 
Pyromellitic dianhydride 




Wide-angle X-ray diffractometer 
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CHAPTER ONE: INTRODUCTION 
 
1.1 Membrane for Gas Separation 
 
1.1.1 Membrane definition and history review 
 
A membrane may be generally described as a phase or a group of phases that lies 
between two different phases, which is physically and/or chemically distinctive from 
both of them and which, due to its properties and the force field applied, is able to 
control the mass transport between these phases [1]. This definition can be 
approximately applied to most of the existing membranes; however, it is not 
appropriate for the two-dimensional or thin objects. 
 
Membranes for separation have experienced more than one and a half century 
development. In 1829, Thomas Graham first reported the experimental observation of 
the inflation of a wet pig bladder in a carbon dioxide system [2]. And then, Mitchell 
from Philadelphia scientifically observed rubber balloons were blown up with 
markedly different rate when putting into the environment of different gas composition 
[3, 4]. Fick as a physiologist formulated the Fick’s law when studying gas transport 
across nitrocellulose membrane media in 1855 [5]. Although Fick’s law can be applied 
to many scientific fields, the interesting point was that it was initially established by 
studying the membrane media. In 1866, Thomas Graham made another great 
contribution by proposing a solution diffusion mechanism for the penetrant permeation 
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process in polymers [6]. After that, von Wroblewski quantitatively defined the solution 
diffusion model in 1879 and showed that the permeability coefficient was a product of 
the diffusivity coefficient and solubility coefficient [7]. In 1891, Kayser validated the 
Henry’s law for carbon dioxide absorption in rubber [8]. 
 
In the twentieth century, membrane research was accelerated and many significant 
works were accomplished. In 1920, noticeable contributions were made by Daynes, 
who developed a time lag method to experimentally determine diffusion and solubility 
coefficients [9, 10]. Other significant contributions were made by R. M. Barrer in 
1930’s and 1940’s, who demonstrated the temperature dependence of permeability and 
diffusivity coefficients follows an Arrehenius type expression and formulated the 
original dual mode concept of sorption in glassy polymers [11-14]. The models for gas 
sorption and diffusion in glassy polymers were further improved by other scientists 
[15-19]. In 1962, Loed and Sourirajan fabricated cellulose acetate asymmetric 
membranes, which consist of a thin dense skin supported by a porous layer at the 
bottom and solved the low flux problem for membrane separations [20]. In 1980, 
Henis and Tripodi made a critical breakthrough in the commercialization of gas 
separation membranes by discovering the “caulked” asymmetric membrane known as 
Prism [21]. They coated silicon rubber to repair pinhole size defects in the thin skin of 
the asymmetric membranes, which can increase the selectivity of a membrane without 
extensively reducing the permeability. Up to now, many companies have produced 
commercial gas separation membranes. Table 1.1 shows the information on the larger 
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gas separation membrane companies, the types of membranes, and the gas separations 
of interest [1]. 
 
Table 1.1 Membrane gas separation companies; membranes/modules and gas 
separations of interest [1] 
H2, CO2 and miscHCUOP
N2, O2, H2 and miscHCPraxair, Inc. 
CO2, H2, and miscHAUbe Industries
CO2, H2, and miscSAHoechst 
Celanse/Separex






N2, O2, CO2, H2, and miscbHAAir 
Products/Permea
N2, O2, CO2HAA/G Technology
Gas separationsModule configureaMembranes typeaOrganization 
a: A=asymmetric (separation layer same as substrate); includes caulked asymmetric; C= composite 
(separation layer different from substrate); H= hollow fiber; S= spiral wound; b: other separations
 
1.1.2 Polymeric membrane materials 
 
Polymers used as gas separation materials have many practical advantages [22]: 1) 
Polymeric materials are light in weight and can be processed into many forms, such as 
thin films and porous beads; 2) A polymer can be specially synthesized with various 
chemical structures and physical properties; 3) A polymer can be practically fabricated 
to composite materials or structures. Various combinations are available by using 
organic polymers, asymmetric polymer membranes and polymer-metal or 
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polymer-inorganic composites membranes. Therefore, various polymers have been 
studied for gas separation applications, which include polyesters [23], polysulfones 
[24, 25], aromatic polycarbonates [26, 27], polyimides [28-30], polypyrrolones [31], 
polyaniline [32], and so on. Polymeric membranes for gas separation could be 
considered as having four levels, which all affect the ultimate transport performance of 
relative membranes [33]. The four levels include the following aspects: 1) chemical 
composition of a polymer that forms the selective membrane layer; 2) steric 
relationships in repeat units of the selective polymer; 3) morphology of the 
membrane’s selective layer; 4) the overall membrane structure including structural 
relationships between the separating layer and the supporting layers. 
 
For commercial applications for gas separation, polymeric materials must have 
characteristics of both high permeability and selectivity. The former increases 
productivity while the latter raises product’s purity. For achieving both high 
permeability and selectivity in polymeric (glassy) membranes, a qualitative principle is 
proposed as “suppression of interchain packing by addition of bulky groups and /or 
“kinks” in the backbone which also cause simultaneous inhibition of intrachain motion 
around flexible hinge points tends to increase permeability without unacceptable 
losses in permselectivity” [34]. According to the guidance, suitable bulky segments 
can be added to the polymer chains for inhibiting polymer chain packing density to 
achieve high gas permeability and at the same time, suppression of chain rotational 
mobility to achieve high gas selectivity. However, there are some limitations for 
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achieving both high permeability and selectivity for polymeric membranes from the 
general point of view. The trade-off line for polymeric gas separation materials exists 
to limit the increase in both permeability and selectivity [35] as Figure 1.1 shows. 























Figure 1.1 Trade-off line of polymeric O2/N2 selectivity and O2 permeability [35] 
 
1.1.3 Equilibrium state in rubbery polymers and non-equilibrium state in glassy 
polymers 
 
Figure 1.2 illustrates the equilibrium state of rubbery polymers and the 
non-equilibrium of glassy polymers. A rubbery polymer (T>Tg) is in a thermodynamic 
equilibrium state. The changes of relative positions of atoms or molecules can occur 
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rapidly in rubbery polymers to achieve the lowest free energy state. However, a glassy 
polymer is in thermodynamic non-equilibrium when the temperature goes below Tg. 
The volume in glassy polymers can be approximately divided into configurational 
contributions and thermal fluctuation contributions. As the polymer is cooled down 
below Tg, there is a strong restriction of molecular segmental motion because of the 
absence of rotational mobility in the large segments of polymer chains. Therefore, the 
excess free volume is produced from the extraordinarily long relaxation time for 
segmental motion in the glassy state. From a thermodynamic point of view, the glassy 
state of polymers is actually not in equilibrium with respect to configuraitonal changes, 
but can be regarded as a state of metastable equilibrium where processes can proceed 
reversibly. As a result, in gas separation applications, the non-equilibrium state of 












volume Occupied volume 
Tg Temperature (K) 
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1.1.4 Plasticization phenomena in glassy polymers 
 
Penetrant induced  
Plasticization 
 
Figure 1.3 Plasticization phenomena in glassy polymer membranes 
 
The plasticization phenomenon in glassy polymeric membranes is shown in Figure 1.3. 
A plasticizer is a substance that may decrease the interaction between adjacent 
segments of neighboring polymer chains after adding to a glassy polymer [5] and 
plasticizers are commonly organic liquids with low volatility. However, in gas 
separation fields, carbon dioxide can act as a plasticizer. CO2 plasticization phenomena 
are experimentally observed in many glassy polymers such as PSF, PMMA and 
polyimide (PI) [37-40]. The dual mode sorption model illustrates that the permeability 
decreases with an increase in pressure [1]. Because the condensable gases such as CO2 




Critical plasticization pressure Penetrant induced  
Plasticization 
Condensable Gas Pressure
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the polymer structure when the pressure is above the critical plasticization pressure. 
Consequently, the permeability increases and selectivity decreases with increasing 
pressure when the CO2 plasticization happens. When the CO2 plasticization occurs in 
(glassy) polymeric membranes, the membranes are not physically stable and 
continuously loosen the gas separation performance. Therefore, the plasticization 
resistance should be achieved to keep the membranes’ satisfactory performance in the 
aggressive environments [41]. 
 
1.2 Polyimides as Membrane Materials for Gas Separation 
he pioneers in commercial applications of polyimides in separation processes were 
he interest of researchers on polyimides is growing steadily because polyimide 
 
T
DuPont (USA) and Ube Industries (Japan) [42]. One of the major polyimides: Kapton 
was manufactured by DuPont by polycondensation of pyromellite dianhydride and 
4,4’-diaminodiphenyl ether, which exhibited the suitable (permeability and selectivity) 
performance for commercial applications. Ube industries investigated aromatic 
polyimide as a membrane material from 1978, and launched the Upilex-R polyimide 
materials in 1981. 
 
T
possesses many valuable physicochemical properties. Polyimides show excellent 
mechanical properties in a broad temperature range. Among many polymeric materials 
for gas separation, polyimides have been found to possess high gas permeability as 
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well as high intrinsic permselectivity in comparison to polycarbonate, polysulfone and 
other materials [42]. Aromatic polyimides can be synthesized with different 
dianhydrides or diamines by polycondensation reaction in order to obtain desirable gas 
separation properties [42-45]. The 6FDA-based polyimdes with bulky –C(CF3)2 
groups meet the requirement of high gas separation materials, which possess the 
ability of inhabiting polymer chain packing and suppression of chain rotational 
mobility. Therefore, the studies on 6FDA-based polyimide membranes for gas 
separation attract the researchers’ focus and various 6FDA-based polyimides have 
been used as raw materials to fabricate membranes for gas separation [46-50]. 
 
1.3 Polyimides Modification  
.3.1 Thermal modification  





and acceptable performance [51-54]. Kawakami et al. [54] treated fluoro-polyimides at 
different curing temperatures (150 , 200 , 250 ), and found that the permeability ℃ ℃ ℃
decreased and separation factor increased with curing temperatures because of 
thermally-induced densified structures and the Charge Transfer Complexes (CTCs) 
formations. P84 co-polyimides can be thermally treated at a temperature of 350 to 380 
 to improve gas transport properties [5℃ 5, 56]. It is found that the permeability of 
thermally treated membranes decreases with increasing pressure and does not show a 
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minimum in the applied pressure range (below 40 bar). Thermally induced 
cross-linking reactions of Matrimid were carried out on dense membranes and hollow 
fibers separately by Bos et al. [51] and Krol et al. [53], and their effects on the 
suppression of plasticization was studied. It was concluded that the formation of 
Charge Transfer Complexes (CTCs) at elevated temperatures may enhance the 
plasticization resistance. However, the permeability of thermally treated Matrimid 
membranes commonly had a great depression. Most recently, Barsema et al. [52] 
performed a study on Matrimid 5218 by the thermal treatment in a wide range of 
temperatures from 300 to 525  and illustrated that thermal treatments applied at ℃
temperatures below and above polymer’s Tg can all improve plasticization resistance. 
This conclusion is consistent with Bos et al. [51] and Krol et al. [53] studies, in which 
the formation of CTCs contributes to the improved plasticization resistance in the 
thermally treated polyimides.  
 
1.3.2 UV modification  
V light can induce photochemical cross-linking in benzophenone-containing 
 
U
polyimide (BTDA-based polyimides) [57-62] to improve gas separation performance. 
The results illustrated that the selectivity can effectively increase after UV irradiation, 
but permeability always decreases. Besides, the difficulties of applying this method 
uniformly in hollow fibers limited its application. Lin et al. [61] elucidated the 
mechanism of UV cross-linking reaction, which is schematically given in Figure 1.4. 
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Figure 1.4 Mechanism of UV crosslinking of BTDA-based polyimides [61] 
The benzophenone carbonyl group in polyimides is excited by UV light and abstracts a 
he effect of UV irradiation on 6FDA-based polyimide films demonstrated that 
 
hydrogen from an alkyl group in a different polymer chain. Therefore, the formed 
radicals will couple into a new chemical bond to cross-link the polyimides.  
 
T
several of 6FDA-based polyimide showed increased selectivity after 10 to 60 min of 
UV irradiation [63, 64] and it is interesting that there were no 
benzophenone-containing groups in this kind of polyimides. 
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1.3.3 Ion beam modification 
n beam can be used to modify polyimide membrane surface so that to alter the gas 
.3.4 Interpenetrating networks (IPNs) 
emi-interpenetration networks can be formed in the polyimide/ reactive additives 
 
Io
transport properties [65-67]. There were two different effects for CH4 and H2 transport 
in the ion beam modified polyimide films corresponding to the implantation dose. At a 
small dose irradiation condition, ion implantation can raise the permeability for both 
CH4 and H2. However, at a strong dose irradiation condition, ion bombardment 
seriously decreased the CH4 permeability and increased the H2 permeability so that the 
modified membranes had higher selectivity and high permeability simultaneously. The 





blends especially at elevated temperatures [68-70]. Bos et al. [68] blended Matrimid 
with the oligomer Thermid FA-700 (containing acetylene end group) for suppression 
of CO2 plasticization. It was found that just blending Matrimid and FA-700 was not 
sufficient to suppress plasticization. The semi-interpenetrating networks formed after 
thermally treating at 265°C can stabilize the membrane. Besides, Bos et al. also 
suggested the improved chemical resistance of the materials in this study. Rezac and 
Schoeberl  [69] blended PEI and oligomer-polyimides containing diacetylene groups 
and then thermally treated the blend at 150 to 270  to form semi℃ ℃ -interpenetrating 
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networks. It was found that the transport properties were essentially equivalent to the 
virgin PEI, but greatly improved the chemical resistance.  
 
1.3.5 Chemical Modification 
he other strategy to improve gas separation properties is to cross-link polyimides by 
 
T
chemical reagents, where the chemistry of the cross-linking agents and/or the post 
treatment conditions are key factors to determine the gas transport performance of the 
final products. Wind et al. [71-73] applied various diol agents to cross-link polyimides 
with a free carboxylic acid on the side chains. They illustrated that the appropriate diol 
cross-linking agents can effectively improve the gas transport performance of 
polyimides. Besides, thermal annealing applied on diol cross-linked polyimides [71] 
seemed to be more promising, because the thermal force can drive further 
cross-linking on chemically modified materials and optimize gas transport properties 
of polyimides. Most recently, several diamino cross-linking agents of polyimides, such 
as para- and meta-xylenediamine [74-77] and PAMAM (polyamidoamine) dendrimer 
[78, 79] have been discovered and developed. Some of them show effectiveness to 
modify polyimide membranes at room temperature. These approaches seem to be 
promising because not only they enhance gas separation performance but also have the 
advantages such as the simplicity of treatment and the availability to all kinds of 
aromatic polyimides. Even though many chemical agents have been identified for 
diamino cross-linking, it is still necessary to discover better chemical cross-linking 
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agents and better post treat protocols for practical and economical applications. 
 
1.4 Carbon Molecular Sieve Membranes (CMSMs) for Gas Separation  
MSMs are promising inorganic materials for gas separation in terms of separation 
MSMs can be practically derived from various polymeric precursors [83-88] by 
 
C
performance and stability. CMSMs have the advantages of excellent thermal resistance, 
stability in corrosive environments and wear resistance [80-82]. As inorganic materials, 
CMSMs often exhibit improved gas transport properties, which are lying above the 
upper bound trade-off lines for polymeric membranes. Besides, CMSMs are generally 
easy to be formed [81, 82] compared with other inorganic materials such as zeolites. 
Therefore, CMSMs offer industrially significant separation properties with high 
productivity and selectivity for gas separation. However, processing difficulties should 
be overcome for commercial applications because of their brittleness, which may be 
solved by fabricating the mixed matrix membranes for gas separation.  
 
C
pyrolyzing the precursors between 500-1200 . Depending on pore size℃  of CMSMs, 
different transport and separation mechanisms through carbon membranes may prevail 
which include molecular sieve, selective adsorption/surface diffusion, 
condensation/capillary condensation and Knudsen diffusion [89, 90].  
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1.5 Fabrication Factors Affecting Gas Transport Properties of CMSMs 
MSMs are physically considered to consist of smaller size selective pores 
recursor selection: CMSMs can be produced by pyrolysis of thermosetting polymer 
olymeric membrane preparation: Polymeric membranes for fabricating CMSMs 
 
C
interconnected by larger cavities. The physical structure of CMSMs is mainly 
controlled by the fabrication conditions, which definitely affect the gas transport 
properties of final products. The fabrication factors can be generally divided into five 
aspects: precursor selection, polymeric membrane preparation, precursor pretreatment, 
pyrolysis process and post-treatment. 
 
P
precursors such as phenolic resin [91, 92], and polyimides [93, 94] under controlled 
conditions. A thermosetting polymer can withstand high temperatures during pyrolysis 
process. The chemical composition of the polymeric precursor has been considered to 
play the important role for the final performance of the derived carbon membrane. In 
various polymeric precursors, aromatic polyimides have received significant attentions 
for fabricating carbon membranes to separate gas mixtures. 
 
P
should be prepared at optimum conditions for producing high-quality carbon 
membranes. Therefore, the defect free precursor membranes must be prepared to 
minimize problems in subsequent processing during carbon membrane fabrications.  
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Precursor pretreatment: Pretreatment of precursors can ensure the stability of the 
yrolysis process: Pyrolysis (or carbonization) is a process in which a suitable 
polymeric precursor and preserve the membrane structure during pyrolysis process. 
Pretreatment methods may be generally divided into physical and chemical methods. 
Physical method may include the stretching or drawing hollow fiber membranes prior 
to pyrolysis. Chemical pretreatment is to use chemical reagents to modify the 
precursor structure, which may enhance the uniformity of pores formed and improve 
the dimensional stability of the membranes during pyrolysis process. The most 
important pretreatment method should be the oxidation treatment. A heat-assisted 
oxidation pretreatment of precursors in oxygen, air or an oxidative environment can 
prevent the melting or fusion of membranes, avoid excessive volatilization of 
elemental carbon during following pyrolysis [95] and leads to the enlargement of pores 
in CMSMs [96]. 
 
P
precursor is heated in a controlled atmosphere to the soaking temperature at a specific 
heating rate for a sufficiently long treating time. A large weight loss will occur during 
the pyrolysis of a polymer precursor. The pyrolysis process can be affected by many 
different variables. Even small changes in pyrolysis parameters may have a significant 
effect on transport properties of final products. The pyrolysis temperature, heating 
rates, thermal soak times and pyrolysis atmosphere (gas type, flow rate, pressure and 
concentration) are the most important factors. Because these factors are interconnected, 
the optimum pyrolysis conditions should be studied to fabricate high quality CMSMs. 
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Post-treatment: Post-treatment on CMSMs can adjust the pore dimensions and 
.6 Industrial Applications of Membrane Gas Separation Technology 
.6.1 Oxygen enrichment 
he fifth largest bulk chemical produced worldwide is oxygen, which is mainly 
distribution to meet different separation requirements [97]. Various post treatment 
methods can be applied to modify the pore structure and transport properties of 
CMSMs, which includes post-oxidation [98, 99], chemical vapor deposition [100, 101], 
post-pyrolysis [102] and coating [97, 103-105]. Besides, the defects in CMSMs can be 







produced by cryogenic distillation (99.999% purity) and vacuum swing adsorption 
(95% purity). Oxygen enriched air has applications in chemical processing industries, 
medical and healthcare use, metal and steel industries etc. Medical applications of 
oxygen enriched air are for use of patients with disease of the respiratory organs. In 
this application, a 40% oxygen rich air is produced in modules of 2.8 m2 membrane 
area [106]. Membranes for oxygen enrichment can be more attractive in the near 
future if membranes with a separation factor of 4 to 6 and an oxygen permeability 
around 250 Barrers can be economically produced [107]. 
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1.6.2 Nitrogen enrichment 
itrogen is the third largest bulk chemical produced worldwide. Nitrogen is used in 
Table 1.2 Applications of nitrogen [106] 
 
N
many industries as an inert gas for purging of equipment and blanketing of potentially 
dangerous processes. Table 1.2 lists the industrial application of Nitrogen [106]. Most 
nitrogen is produced by cryogenic air separation techniques in large industrial plants, 
which makes nitrogen very expensive in remote and offshore locations. Therefore, 
ideally on site air separation to produce N2 is desirable. Polymeric membranes are 
prevailing and occupy a stable position in this field. However, higher membrane 
selectivity with equal or greater productivity is needed for the economical 
considerations. 
 
For  example the storage of fruit at ultra low oxygen percentages 
(ULO).
In the storage of 
perishable products
For the blanketing and inerting of fuel tanks, mobile nitrogen 
systems for the ground crew.
In aviation
For purging gas in spectrometers, as a carrier gas where high 
purity is required, as an agitation gas, etc.
In laboratories
For the production of all types of rubber productsIn the rubber industry
For  inerting void spaces and storage tanks, for the blanketing 
and purging of taks in for example LNG and LPG tankers
In the shipping trade
Including the tempering, hardening , carbonizing extrusion and 
sintering of metals
In the heat treatment and 
production of metals
For the pakaging of food, the production of wine and the 
blanketing of fruit juices, edible oils and syrups, etc.
In the food industry and in 
the packaging industry
For inserting storage tanks and vessels, for purging pipelines, for 
flanketing rotating gaskets and de-ionised water, as well as 
separatiors etc.
In oil and gas production
For purging tanks and vessels, blanketing storage tanksIn the chemical industry
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1.6.3 Hydrogen recovery 
 
Hydrogen is an expensive chemical feedstock and energy resources, which should be 
economically used and recovered. A significant and practical use of membrane gas 
separation is the hydrogen gas recovery and purification. In hydrogen recovery field, 
membranes compete with other processes (such as cryogenic, catalytic and pressure 
swing adsorption) Table 1.3 shows the general economic benefits of membranes over 
adsorption and cryogenic [106]. Although hydrogen separations can be applied with 
polymeric membranes now, membranes with higher selectivity and productivity would 
tractive [108]. make this application more at
 










2.862.242.862.76Product gas flow rate 
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1.6.4 Natural gas separation 
 
Natural gas is a gas mixture containing desirable hydrocarbons and non-hydrocarbon 
components. Natural gas purification is a promising field for membrane application in 
gas separations. Polymeric membranes can compete with other technologies (such as 
amine scrubbing) in some of natural gas separation applications [5]. However, higher 
selectivity membranes with similar productivity are needed for this growing field. 
Around 40% of the approximately 54 trillion standard cubic feet of gas reserves in the 
lower 48 United States are not being developed because of the high cost for gas 
treatment. Membranes with higher selectiv y seem to be the best approach to utilize  
imers on chemical modification as well as their effects on the gas 
transport properties. 
it
these resources.  
 
1.7 Research Objectives and Dissertation Outline 
 
This research is to modify the polyimide based membranes for improving gas transport 
properties and plasticization resistance. At the same time, this research also explores 
the gas transport properties of CMSMs derived from various 6FDA-based polyimide 
precursors. The primary objectives are as following: 
1. to explore if diaminobutane (DAB) dendrimers can be employed as cross-linking 
agents for polyimide membranes and study the effectiveness of various generations 
of DAB-dendr
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2. to investigate if 1,3-cyclohexanebis(methylamine) (CHBA) and ethylenediamine 
(EDA) can be effectively used as cross-linking agents for chemical modification of 
-durene (Tg :425 ) precursors. ℃  
efine the effects of precursor’s morphology on CMSMs 
 
Thi





on mbranes, and to define the effects of thermal annealing on the 
paration performance of CHBA cross-linked polyimides. The coupling effects of 
polyimides and define the effects of thermal annealing on separation performance 
and plasticization resistance properties of chemical cross-linked polyimides. 
3. to study the property evolution from polymeric, to intermediate and further to 
carbon stages for membranes derived from 6FDA
4. to investigate the solvent effects on the morphology and gas transport properties of 
6FDA/PMDA-TMMDA polyimide membranes, to study how membranes with 
different morphologies could be pyrolyzed into carbon molecular sieve membranes 
(CMSMs) and to d
performance. 
s dissertation is organized as follows. Chapter 1 gives general an introduction to 
theory for gas transport in membranes. Chapter 3 describes the general experimental 
erials, equipment and methods utilized in all the explored areas. Chapter 4 
examines if diaminobutane (DAB) dendrimers can be employed as cross-linking 
nts for polyimide membranes and studies the effectiveness of various generations 
DAB-dendrimers on chemical modification as well as their effects on the gas 
sport properties. Chapter 5 investigates the effect of CHBA chemical modification 
polyimide me
se
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cross-linking and thermal annealing on the chemical compositions, substructures, gas 
sorption and gas transport properties of 6FDA-durene membranes are also investigated 
and characterized by FTIR-ATR, XPS, Gel Content, UV, SEM-EDX, TGA, gas 
sorption and transport tests. Specially, their combined effects on the plasticization 
resistance are studied. Furthermore, Chapter 6 investigates the effect of linear diamine 
(EDA) crosslinking on polyimide membranes and defines the effects of thermal 
annealing on the separation performance and plasticization resistance of EDA 
cross-linked polyimides. Mixed gas permeation tests for CO2/CH4 (50:50 mol %) 
separation was also carried out in unmodified and modified polyimides. In Chapter 7, 
6FDA-durene (Tg: 425 ) is employed as a polymeric precursor to study the ℃
properties of membranes from polymeric, to intermediate and further to carbon stages. 
The degradation of 6FDA-durene is monitored by TGA-FTIR, and the resultant 
membranes are characterized by FTIR-ATR, XRD and thickness measurements. Gas 
transport properties of various stage membranes after thermal treatments are studied. 
Chapter 8 investigates the solvent effects on the morphology and gas transport 
properties of 6FDA/PMDA-TMMDA polyimide membranes. The relationship among 
the solvents, morphology and gas transport properties of 6FDA/PMDA-TMMDA 
membranes were discussed. At the same time, Chapter 8 studies how membranes with 
different morphologies could be pyrolyzed into carbon molecular sieve membranes 
(CMSMs) and defines the effects of precursor’s morphology on CMSMs performance. 
Chapter 9 summarizes the general conclusions of this dissertation and provides some 
suggestions for future research on gas separation membranes. 
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The permeability of a membrane to a penetrant, is defined as [109]: 
Lp
NN
P ==                        (2-1) 
pp /)( 12 ∆−−
where is the permeability coefficient, is the steady state gas flux through the 
membrane,  and  are the downstream and upstream partial pressures of 
component, respectively  and is the thickness of the membrane. Permeability of a 
membrane is expressed in Barrer, where 1 Barrer is equal to 10-10 cm3 (STP)-cm /cm2 
sec cm Hg. 
When the downstream pressure is much less than the upstream pressure, permeability 
) is often written as [110]: 
P  N  
1p 2p
, L  
( P
DSP ×=                              (2-2) 
where is the apparent solubility coefficient, which is the ratio of the dissolved 




phase, and D  is the penetrant diffusion c ficient, which is a measure the mobility 
of the pen nt mo ules in the membrane. For a binary penetrant mixture 
permeating through a membrane, the ideal selectivity for component A relative to 
component B, BA /
etra
α , is: 
BABA PP // =α                             (2-3) 
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Factoring permeability intro diffusivity and solubility terms, the ideal selectivity may 
be expressed as: 
⎥⎦




e diffusivity selectivity and AD  is called th
BS
 is called the solubility 
selectivity. Diffusivity selectivity typically depends strongly on the following factors: 
1) penetrant size and shape; 2) cohesive energy density of the polymer; 3) the mobility 
of polymer cha 4) the
AS
ins;  average intersegmental distance among the polymer chains 
[111]. Solubility selectivity is a function o
ondensability; 2) the interactions between the penetrants and the polymers; 3) free 
2.2 Gas Transport Mechanisms in Membranes 
f the following factors: 1) penetrant 
c
volume fraction (FFV) in the polymers. 
 
 
Figure 2.1 Fundamental transport mechanisms [35, 112] 
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Generally, there are five gas transport mechanisms in gas separation membranes 
namely (1) Poiseuille Flow (2) Knudsen Diffusion (3) Molecular Sieving (4) 
Solution-diffusion (5) Surface Diffusion, as illustrated in Figure 2.1. 
 
In porous membranes, gas transport mechanism is commonly Poiseuille and Knudson 
diffusion. Poiseuille flow occurs when the pore radius ( r ) in membranes is larger than 









πηλ                            (2-5) 
where M  is the gas molecular weight, P  is the pressure, η  is the viscosity of the 
gas, R  is the universal gas constant and T  is the operation temperature. 
Knudsen diffusion happens when the pore radius decreases and the permeating gases 
flow via the membrane are independent of one another. The ratio of r  to λ  governs 
the proportions of Knudsen to Poiseuille flow. In Knudson flow, λ
r  is much less than 
, and the gases have more collisions with the wall of pores than w er gas 1 ith oth
λ
rmolecules in membranes. However, if  is much larger than 1, Poiseuille flow is 
dominant in porous membranes. In this case, more collisions happen among the gas 
molecules than with the pore walls.  Molecular sieving happens when the pore 
diameter is small enough to let only smaller 
preventing the larger molecules from transporting. Molecular sieving separation is 
primarily based on the higher diffusion rate of the small molecule, however, sorption 
may be an important factor for separation of similar-size penetrants [113]. It performs 
high selectivity and permeability for the smaller component of a gas mixture. 
molecules permeate while physically 
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Solution-diffusion transport occurs in a non-porous polymeric m mbrane, in the 
absence of direct continuous pathways for the transportation of penetrants through the 
membrane. Solution-diffusion transport is usually considered to include the following 
three steps: 1) absorption or adsorption of the penetrants at the upstream surface of 
membranes; 2) activated diffusion of the penetrants across the membrane to 
downstream side; 3) desorption of penetrants at the downstream side [34, 112]. 
Surface diffusion happens when the molecules of a gas component are adsorbed in a 
significant amount on the pore surface of a membrane. Because the adsorbed 
molecules accumulate more and more on the pore wall of a membrane, the 
preferentially adsorbed component diffuses faster than the nonadsorbed ones under a 
pressure gradient [114].  
 
The dominant gas transport mechanism in porous membranes, dense polymeric 
membranes and CMSMs will be different, which just provides more choices for 
applying different membranes in various applications. Solution-diffusion transport is 
typically dominant in gas separation by dense polymeric membranes. In this 
mechanism, diffusivity selectivity favors the smallest molecule transport, and 
solubility selectivity favors the most condensable molecule transport [113]. 
 
2.3 Gas Transport in Rubbery Polymers 
 
A rubbery polymer is an 
e
amorphous polymeric material that is above its softening or 
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glass transition temperature under the conditions of use [115]. The transport behavior 
of low molecular weight gases in rubbery polymers is relatively simple 
phenomenological and the sorption of low molecular weight gases in rubbery 
polymers can be typically described by Henry’s law.  Henry’s law is commonly 
applied to describe the solubility of a gas in the polymer as the following: 
pkC d=                                (2-6) 
where, C  is the gas concentration in the polymer, dk  is the Henry’s law 
oefficient, p  is the penetrant pressure in contact with the polymer. The gas 
related to the external partial pressure. 
owever, the deviations from Henry’s law have been observed at high gas pressures. 
c
concentration in the polymer is linearly 
H
Gas diffusion through rubbery polymers normally is described by Fick’s first law: 
⎟⎞⎜⎛−= dCDQ                             (2-7) ⎠⎝ dx
where is the permeation flux, is the diffusion coefficient or diffusivity of the 
permeating species,  is the local concentration of gas in membranes, 
Q  D  
C x  is the 
coordinate direction of the permeation in the polymer film. For rubbery polymers with 
low concentrations of penetrant, the diffusion coefficient is often independent of gas 
concentration, and gas permeability in this case can be given by the equation: 
DkP d=                                (2-8) 
 
For rubbery polymers, the deviations from simple Henry’s law sorption are observed 
especially in the presence of high activity gases or vapors. For such behavior without 
the strong polymer-penetrant interactions, penetrant concentration can be satisfactorily 
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represented by Flory-Huggins expression [116]
                      (2-9) 
where is penetrant activity, 
: 
2)1()1(lnln φχφφ −+−+=a
a  φ  is the volume fraction of penetrant dissolved in the 
polymer, χ  is the Flory-Huggins interaction parameter. However, in this case, the 
diffusion coefficient may be considerably dependent on the penetrant concentration.  
 
2.4 Gas Transport in Glassy Polymers 
 
Because of the non-equilibrium state in glassy polymers, the gas sorption behavior in 
glassy polymers is quite different from that in rubbery polymers. Up to now, many 
different models have been proposed to describe the sorption and transport of 
penetrant molecules in glassy polymers, which are as following: a) the dual-mode 
sorption model [117]; b) the gas-polymer matrix model [118]; c) the elastic strain 
corrected lattice model [119]; d) the thermodynamic model accounting for elastic 
deformation [120]; e) the thermodynamic model accounting for the penetrant-induced 
glassy transition temperature depression [121]; f) the glassy polymer lattice sorption 
model [122]; g) the affinity distribution model [123]; h) the site energy distribution 
model [124]. Among the many different models, the dual-mode sorption model is 
widely accepted and used to analysis the gas sorption and transport in glassy polymers.  
 
The success of the dual-mode sorption model in describing penetrant sorption in 
glassy polymers is due to the physical significance that can be related the model 
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parameters. In the dual-mode sorption model, the sorption of gas molecules is split 
into two types.  
1. Henry mode of sorption: the sorbed gas molecules reside in the polymer matrix 
according to Henry’s law. The sorbed gas concentration in this type is expressed as: 
pkC DD =                               (2-10) 
where DC  is the concentration of gas dissolves in the Henry’s mode, dk  is Henry’s 
law solubility coefficient which is related to the interaction between the sorbate and 
sorbent in the case of infinite dilution and p is the pressure. 
2. Langmuir mode of sorption: the gas molecules are trapped in the microcavities 
(Langmuir sites) ‘frozen’ into the polymer matrix. The sorbed gas concentration in this 




                             (2-11) H +1
where is the concentration of gas adsorbed into the Langmuir sites,  is the 
hole saturation constant which provides the measure of the sorption ca e 
unrelaxed volume of glassy polymers and is the hole affinity constant which is 
equal to the ratio of the sorption and desorption rates in the excess free volumes 
dispersed in the polymer matrix. 
 








bpCpkC HD ++= 1
'
                            (2-12) 
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It is obvious that the total concentration is a
low, the above equation is approximated by: 
                           (2-13) 
When the pressure is high, the total concentration is approximated by: 
                            (2-14) 
Therefore, the dual-mode sorption model predicts that the gas sorption concentration 
isothermal with pressure will consist of a low pressure linear region and a high 
pressure linear region that are connected by a nonlinear region. 
 
The gas transport in glassy polymeric membranes can be formulated by the dual 
sorption model with the following assumption [
2. Between the above two modes of sorp
3. The gas molecules sorbed by the Langmuir
mptions is the partial 
mobilization model. In this model, the transport of gas molecules in glassy polymer 






1. Two modes of sorption, Henry’s law sorption and Langmuir sorption, occur 
simultaneously. 
tion, local equilibrium is kept in the 
membrane. 
 mode are partially immobilized. 
4. All gas molecules sorbed by the Henry mode are mobile. 
 
The widely accepted transport model based on the above assu
im






∂−=                         (2-15)             
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where DD  is the Henry’s diffusion coefficient, DC  is the gas concentration in Henry 
environments, HD  is the Langmuir’s diffusion coefficient,  is the gas 
umps in these two environments, is commonly much larger than
can be 
HC
concentration in Langmuir environments. Due to the differences in the energetic of 
diffusional j DD  HD , 






































bC ' , if D  and are assumed to be constant, the 
permeability is given by the following equation: 
F  
⎥⎦
⎤⎡ += FKDkP 1                         (2-17) ⎢⎣ + bpD 1   
The values for D  and  can be obtained from the intercept and the slope 
 P and
F
separately by applying a linear least square fit of
bp+1 . According to the abov
equation, the permeability coefficient should decrease with the feed gas pressure, since 
an increased a
1 e 
mount of gas molecules is sorbed to the micro-holes and partially 
immobilized. 
 
The possible physical meanings of the diffusion coefficients of the dissolved and 
orbed gases are greatly interes
ly, the molecules can execute the four 
Langmuir s ting. If the Henry’s law and Langmuir 
environments are denoted as D and H, respective
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possible jumps: dissolved to dissolved (D to D)
to hole jump (H to H) and hole to dissolved jump (H to D). As a result, the observed 
will be a weighted average of the relative frequency of D to D and D to H jumps, 
]. 
.5.1 Gas physicochemical properties 
solu
enetrant size and shape: Diffusion coefficients are strongly dependant on penetrant 
ith increasing penetrant 
ze. The penetrant size can be characterized by van der Waal volume. However, the 
haracterize penetrant size, because the kinetic 
iameter corresponds to the smallest diameter zeolite window which allows the gas 
; dissolved to hole jump (D to H); hole 
DD  
and likewise for in terms of H to H and H to D [125
 





Penetrant condensability: The penetrant solubility in a polymer typically increases 
with increasing penetrant condensability. The penetrant condensability can be 
measured by penetrant critical temperature (Tc), normal boiling point (Tb) or 
Lennard-Jones force constant, which is correlated well with different penetrant 
bility in a polymer [126].  
 
P
size and shape. Diffusion coefficients commonly decrease w
si
kinetic diameter is commonly used to c
d
molecule to enter a zeolite cavity [127]. Besides, diffusion coefficients are also 
affected by the penetrant shape. The diffusivity of linear or oblong penetrant molecule 
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is higher than that of spherical molecule of similar molecular volume [128].   
 
Polarity: Polar gas is more soluble in polar polymers because of the specific 
olymer-gas interactions. For example, Ghosal et al. found that CO2/CH4 solubility p
selectivity will increase after the adding of polar nitro groups to the polysulfone 
backbone because CO2 has a quadrupole moment [129]. 
 
2.5.2 Separation conditions 
 
Temperature: The Arrhenius type of equation is adopted to describe the temperature 
dependence of gas transport through membranes. The temperature dependence of the 





EDD Dexp0                           (2-18) 
where  is the activation energy of diffusion and  is a constant. The 
temperature dependence of gas solubility in a polymer is described in the form of a 






HSS Sexp0                           (2-19) 
where oS  is a constant and SH∆  is the partial molar enthalpy of sorption. Therefore, 




PP pexp                             (2-20) 
⎣ RT0
where is a constant, which is equal to a product of  and , and  is the 0P  oS 0D pE
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activation energy of permeation, which is equal to the algebraic sum of  and 
agnitude of can be affected by the polymer characteristics such as the 
cohesive energy density and polymer chain rigidity. In most cases,  is positive. 
The dissolution of a penetrant molecule into a polymer can be consid  as a two step 








creating a molecular scale gas in the polymer of enough size to accommodate the 
penetrant molecule. As a result, SH∆  is a contribution of both the enthalpy of mixing 
and the enthalpy of condensation. SH∆  ma
diffusivity is generally a stronger function of temperature than the solubility 
coefficient because the value of is commonly larger than the absolute value of 
. Therefore, the gas permeability in a glassy polymer generally increases with 
increasing temperature in the temperature range of interest. 
 
Pressure: Gas permeability typically decreases with the increasing pressure under 
equilibrium state as predicted by the dual-mode sorption model. However, if the 
plasticization occurs at the pressure range of interest, gas permeability will show 
different trend with increasing pressures.  
 
2.5.3 Polymer physicochemical properties  
 
y be positive or negative. However, the 
DE  
SH∆
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Free volume: Gas diffusion coefficient can be related to free volume by the following 
ssion:  expre
FFV
BDD −= 0                              (2-21) 
here  and 0D B  w are constants characteristic of the polymer-penetrant system, and 
monly increase the gas 




FFV is the fractional free volume. FFV can be physically viewed as the fraction of the 
total specific volume which is not occupied by polymer molecules and is available to 
transport the penetrant molecules in a polymer. Therefore, the diffusivity generally 
increases with FFV in a polymer.  
 
Chain mobility: The increase in chain mobility can com
d
oppose each others and it is difficult to increase the chain mobility and free volume 
simultaneously
Crystal ty: Crystallinity in a polymer has a great effect on gas transport properties. 
Crystalline region commonly can not absorb the gas penetrant and restrict segmental 
motions of a polymer, which reduces gas diffusivity in the non-crystalline fraction of a 
polymer. The effect of crystallinity on the diffusion constant can be expressed by: 
τβ
*DD =                                (2-22) 
where D  is the diffusivity in the partially crystalline polymer,  is the diffusion 
constant in a completely amorphous polymer at the same temperature, 
*D
τ  is the 
geometric impedance factor and proposed to account for the local reduction in the 
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areas available for diffusion and for the increased effective path length due to the 
presence of the crystallites. β  is a chain immobilization factor and proposed to 
ccount for the impedance to diffusion resulting from decreased chain mobility 
link 
degree. However, in some cases, cross-li
the abnormal increase of FFV in polymeric membranes [71, 73]. Besides, cross-linking 
in a polymer can commonly stabilize the membrane performance in harsh 
environments.  
 
Molecular weight: In high molecular weight polymers, the increase of molecular 
weight does not significantly affect the gas transport behavior. However, in low 
molecular weight polymers, the increase of molecular weight will decrease the 
diffusivity because the reduced chain end groups decrease the FFV and segmental 
mobility [132].   
a
produced by the “physical cross-linking” effect of the crystallites [131].  
 
Cross-linking: Generally, cross-linking will increase the chain rigidity and decrease 
FFV in a polymer. Therefore, diffusion coefficients decrease with increasing cross
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CHAPTER THREE: EXPERIMENTAL AND METHOD 
ene) was synthesized in our lab by chemical imidization method. 
opoly (4,4’–methylenebis(2,6-dimethyl)-2,2-bis(3,4-dicarboxylphenyl) 
exafluoropropane/pyromellitic) diimide (6FDA/PMDA-TMMDA) and poly 
,4’-methylenebis(2,6-dimethyl)-2,2-bis(3,4-dicarboxylphenyl)hexafluoropropane) 
iimide (6FDA-TMMDA) were also synthesized by chemical imidization and kindly 
rovided by Dr. Glen Wensley. Prior to usage, the material was dried overnight at 
120°C under  
as received. The purity of gases used in th ore than 99.9%.  Analytical 
romethane (CH2Cl2), N,N-dimethylformamid (DMF) and  












 vacuum. All cross-linking agents were purchased from Aldrich and used
is study was m
grade dichlo
1
5 µm filters were used. 
 
3.2 Dense Membrane Preparation 
 
Prior to usage, the material was dried overnight at 120°C under vacuum. A 2% (w/w
polymer solution was prepared by dissolving the dried material in the solvent. The 
polymer solution was then filtered with 1µm or 5 µm filters (depending on the solution 
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properties) and cast onto a silicon wafer plate. Membranes cast from the 
polyimide/CH2Cl2 solutions were dried into films at room temperature, while those 
from the polyimide/NMP or DMF solutions were dried into films at 50 °C with or 
without vacuum. After controlled evaporation, the nascent films were dried in vacuum 
at 250 °C for 48 hrs to remove the residual solvent. 
ion and Following Thermal Annealing 
tech Qex vacuum furnace. The 
hemically cross-linked membranes were annealed under vacuum (about 20 
 
3.3 Membrane Chemical Modificat
 
10% (w/v) of cross-linking agent solutions in methanol were prepared. The chemical 
modification was performed by immersing the membrane films in the cross-link 
agent/methanol solution for a stipulated period of time at room temprature. The 
chemically modified films were then washed with fresh methanol immediately after 
removal from the  cross-link agent solution in order to wash away all residual 
cross-link agent solution, followed by drying naturally at room temperature for about 1 
day to ensure the complete removal of methanol solvent. Following that, thermal 
annealing was performed in a Centurion™ Ney
c ±  2 
), and ℃
en naturally cooled down in vacuum. 
mmHg) for 24 hrs at elevated temperatures (100 , 150 , 200  or 250 ℃ ℃ ℃
th
 
3.4 Thermal Treatment and Carbonization Procedure 
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During the study of physicochemical evolution of membranes under heating, the 
thermal annealing was also performed by a Centurion™ Neytech Qex vacuum furnace. 
The membranes were held at 50 °C for about 30 min to remove the absorbed moisture, 
and then heated to different temperatures (from 325 °C to 800 °C). The heating rate 
was 3 °C /min below 400 °C. To study the effect of material physical properties on the 
performance of intermediate and carbonized membranes, different heating rates (3 °C 
/min or 1 °C /min) were chosen when the temperature was above 400 °C. At the final 
temperatures, the membranes were hel
 
d for 60 min for annealing or carbonization. 
fter natural cooling, the membranes were immediately taken out for permeation A
tests. 
 
3.5 Pure Gas Permeation Characterization 
 
The pure gas permeability was determined by a constant volume and variable pressure 
method. The permeability was obtained in the sequence of He, H2, O2, N2, CH4 and 
CO2 at 35 °C. The upstream pressure is 3.5 atm for He and H2 and 10 atm for other 
gases. The gas permeability was determined from the rate of downstream-pressure 
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where P is the permeability of a membrane to a gas and its unit is in Barrer (1 Barrer 
 1 × -10cm3 (STP)-cm/cm2 sec cmHg), is the volume of the downstream  10 V=
chamber (cm3), L  is the film thickness (cm). A  refers to the effective area of the 
membrane (cm2), T  is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by 2p (psia). 
 




P=α                                (3-2) 
The apparent diffusion coefficient was calculated by the following equation: 
θ6
2LDapp =                                (3-3) 
where θ  is the diffusion time lag (s) which can be obtained by the extrapolation of 
the pressure versus time plot at the steady state to the time axis, as described in Paul 
and Koros’ early paper [19], L is the film thickness (cm), Dapp is the apparent diffusion 
coefficient (cm2/s) which can be simply calculated based on this equation. 
 
3.6 Mixed Gas Permeation Characterization 
The facility used for binary gas permeation
permeation cell for the continuous flowing feed by connecting to a needle valve to 
control the upstream pressure and equipped with a retentate channel to avoid the slow 
gas accumulation of feed at the upstream. 
 
 measurements was modified from pure gas 
The downstream part of the permeation cell 
was connected to a gas chromatograph (GC). The GC used was a Hewlett Packard (HP) 
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6890 Series GC completed with a HP 5973 mass selective detector and calibrated by 
one set of gas mixtures of CO2 and CH4 with known compositions to obtain the gas 
peak area ratio as a function of gas mole fractions. A binary gas mixture containing 
0% of CH4 in CO2 was used as the feed gas mixtures and the measurements were 
ut by repeating the procedures of gas 
eding from the reservoir to the sample cell and weight monitoring without 
5
conducted at 35 °C with stipulated pressures.  
 
3.7 Pure Gas Sorption Characterization 
 
The gas equilibrium isotherms for gases were measured at 35°C using a Cahn D200 
microbalance sorption cell. The microbalance was first calibrated with each individual 
gas as a function of pressure. Then approximately 100 mg of polymeric films were 
placed on the sample pan. The system was evacuated for 24 h prior to test. A chosen 
gas at a specific pressure was fed into the system and the polymer sample started to 
sorb the gas until equilibrium was reached. From the weight gained, the amount of gas 
dissolved in the polymer was calculated after correction for buoyancy. Subsequent 
experiments at higher pressures were carried o
fe
vacuuming the system again. 
 
3.8 Characterization of Physical and Chemical Properties 
 
3.8.1 Fourier transform infrared (FTIR) spectrometer 
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Fourier transform infrared- Attenuated Total Reflection spectrometer (FTIR-ATR) was 
used to characterize the chemical changes on the membrane surface. All samples for 
FTIR-ATR test were membranes. The FTIR-ATR measurements were performed using 
a Perkin Elmer FT-IR Spectrometer Spectrum 2000. The scan range was from 4000 
cm-1 to 600 cm-1. 
 
3.8.2 Thermogravimetric Analysis (TGA) 
 TGA 2050 Themogravimetric Analyzer (TA Instruments) or a Perkin-Elmer TGA 7 
ranes during heating. The 
nalysis was carried out with a ramp of 10 °C/min or 3 °C/min in the nitrogen 
on spectroscopy (XPS) was utilized to determine the surface 
hemical compositions of membranes. The XPS measurements were carried out by an 
td., England) using the monochromatized 
l Kα X-ray source (1486.6 eV photons) at a constant dwell time of 100 ms and a pass 
 
A
was employed to characterize the weight loss of memb
a
environment.   
 




AXIS HSi spectrometer (Kratos Analytical L
A
energy of 40 eV. The anode voltage was 15 kV. The anode current was 10 mA. The 
pressure in the analysis chamber was maintained at 5.0×10-8 Torr or lower during each 
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measurement. All core-level spectra were obtained at a photoelectron take-off angle of 
90° with respect to the sample surface.  
 
3.8.4 Gel content test 
 
The gel contents of chemical cross-linked polyimide membranes were measured by 
extracting the films in dichloromethane for 24 hrs. The insoluble fractions were 
vacuum dried at 120 °C for about 1 day. The weights of polyimide films before and 
after extraction were measured and the gel content was calculated by  
%100W Content Gel % 1 ×=                          (3-4) 
W0
where and are the insoluble fraction weight and original weight of chemical 
cross-linked polymer films, respectively. 
 
3.8.5 Measurement of density 
 
Density was measured according to the Archimedean principle using a Mettler Toledo 
balance with a density kit. The polymer film density was calculated after measuring 
the weight of the films in air and the weight of the films in ethanol. The weight 
difference divided by the density of the ethanol yields the volume of the film. This 
calculated film volume and the weight of the film measured in air allows the 
calculation of the film density. 
1W  0W
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3.8.6 TGA-FTIR 
 
TGA-FTIR was applied to characterize polymer decompositions. The weight loss 
uring decompositions was monitored by a TGA 2050 Themogravimetric Analyzer 
windows. The exhausted products were analyzed in a 
as cell and the IR spectra were obtained by a KBr beam splitter. With TGA-FTIR, the 
ess of polymer can be recorded.  
d
(TA Instruments). The analysis was carried out with a ramp of 3 oC /min or 1 oC /min 
according to the heating treatment procedure from 50 to 900 oC. The purge gas was N2 
with a flow of 20 ml /min. With the aid of N2 flowing, the exhausted products from 
TGA were flushed through a transfer line to gas cell of a Bio-Rad FTS-3500 FTIR 
spectrometer. The temperature of transfer line and gas cell was maintained at 150 oC 




3.8.7 Ultraviolet (UV) spectra  
 
The spectra features of the polyimide membranes were studied by UV spectroscopy. 
All reflection UV spectra were recorded in the range of 200-800 nm with a UV-3101 
PC (Shimadzu). 
 
3.8.8 Scanning electron microscope (SEM) 
 
The morphology and elemental distribution of membrane cross-sections were 
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characterized with SEM-EDX. SEM-EDX was carried out by a JEOL JSM-6360LA 
nalytical Scanning Electron Microscope) with the 10 sec. coating time. 
.8.9 Wide-angle X-ray diffractometer (WAXD) 
tively measure the ordered dimension and interchain spacing of 
embranes at room temperature. The d-spacing values indicate the average spacing of 
rement was completed in a certain scan 





A Bruker wide-angle X-ray diffractometer (Bruker D8 Advanced diffractometer) was 
used to quantita
m
chain center in a polymer matrix.  The measu
ra
of λ=1.54 Å was used in the experiment. The average d-spacing was determined based 
on the Bragg’s law.  
2 sinn dλ θ=                              (3-5) 
here d is the dimension spacing, θ is the diffraction angle, λ is the X-ray wavelength w
and n is an integral number (1, 2, 3…). 
 
3.8.10 Polarizing light microscope (PLM) 
 
A polarizing light microscope (Olympus BX50) was used to characterize membrane 
morphology by placing the specimens on a heating stage (Linkam THMS-600) at room 
temperature. 
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3.8.11 Inherent viscosity (IV) 
 
a Ubbelohde viscometer (Schott Gerate, Mainz, 
ermany) at 25 °C. 0.25 g solid polymer was dissolved in 50 ml NMP and time was 
s as follows: 
The inherent viscosity of polyimides was determined according to the ISO/DIS 3105 
and ASTM D2515/D466 methods using 
G
recorded by the instrument. The calculation i
CttLninh )/( °=η                                               (3-6) 
.8.12 Differential scanning calorimetry (DSC) 





where, t  is the flow time of the solvent (NMP ), °t  is the flow time of the solution, 





environments. A small piece of sample was weighed and then placed into an 
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CHAPTER FOUR: TRANSPORT PROPERTIES OF CROSS-LINKED 
YIMIDE MEMBRANES INDUCED BY DIFFERENT GENERATIONS OF 
cause 
embrane gas separation methods have many advantages over traditional separation 
rocesses [42, 133]. Among many polymeric materials for gas separation, polyimides 
ave been found to possess high gas permeability as well as high intrinsic 
ermselectivity in comparison to polycarbonate, polysulfone and other materials [34, 
3]. Polyimides can be synthesized with different dianhydrides or diamines in order to 
btain desirable gas separation properties [134-137]. In addition, the gas transport 
erformance of polyimides and anti-plasticization characteristics in harsh 
ifications can be carried out by various ways which consist of 
POL












environments can be further improved by cross-linking modifications [138]. 
 
Cross-linking mod
physical and chemical methods. Kita et al. [139] and Liu et al. [57] investigated the 
effect of UV photo cross-linking on the gas transport performance. Bos et al. [51] and 
Krol etal. [53] thermally induced cross-linking reactions of Matrimid over 200 °C and 
studied its effects on gas and hydrocarbon separation. Wind et al. [71, 73] cross-linked 
copolyimides containing free carboxylic acid with ethylene glycol and aluminum 
acetylacetonate at elevated temperatures and suggested covalent cross-linking 
appeared most promising. Bos et al. [68] blended Matrimid with the oligomer Thermid 
FA-700 and treated them thermally at 265°C and found that the semi-interpenetrating 
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polymer network stabilized the membrane. Kang et al. [140] and Won et al. [141] 
udied the effect of UV cross-linking on the gas transport properties of asymmetric 
cial 
roperties. Dendrimers are used in drug delivery [144-146], fuel cells [147], 
st
membranes. Xu and Coleman [142] developed cross-links using ion beam irradiation 
of polyimide thin films. A novel room-temperature chemical cross-linking of 
polyimides was invented by Liu et al. [74] on flat dense membranes and applied by 
Cao et al. [75] to hollow fibers. However, in most cases, the permeability or 
permeance tends to decrease significantly after cross-linking except Wind et al.’s case 
[71] after heat treatment of the cross-linked membranes at elevated temperatures.  
 
The chemistries of membrane materials and cross-linking agents, as well as their 
interactions have great impact on the cross-linked structure, degree of cross-linking 
and gas transport properties [71-74]. Different materials may need different 
cross-linking agents. There is an urgent need to identify novel cross-linking methods 
for polyimide membranes and to fundamentally understand the science of the effects 
of molecular structure, chain length and flexibility of cross-linking agents on the 
cross-link process and membrane performance.   
 
Dendrimers have established their importance in the modern synthetic chemistry [143]. 
Moreover, the multi-functional groups (branches) endow Dendrimers with spe
p
light-emitting diodes [148], and chemical modifications [149-150]. In the field of 
membrane separation, to our best knowledge, only recently did Kovvali and Sirkar 
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introduce polyamidoamine (PAMAM) dendrimers into liquid membranes to facilitate 
CO2 separation [151-153]. However, up to the present, most investigators have 
focused their attentions on the PAMAM starburst dendrimers, while the properties and 
applications of other kinds of dendrimers have seldom been reported. 
 
In this study, we examine if diaminobutane (DAB) dendrimers can be employed as 
 films 
cross-linking agents for polyimide membranes and study the effectiveness of various 
generations of DAB-dendrimers on chemical modification as well as their effects on 
the gas transport properties. The DAB dendrimers cross-linked membranes were 
characterized by gel content, FTIR and X-ray photoelectron spectroscopy (XPS). The 




4.2.1 Materials and dense membrane preparation 
 
The chemical structure of 6FDA-durene is shown in Figure 4.1. It was synthesized in 
our laboratory and the details of synthesis have been described elsewhere [74]. Prior to 
usage, the material was dried overnight at 120°C under vacuum. A 2% (w/w) of 
polymer solution was prepared by dissolving polyimide powders in dichloromethane. 
The polymer solution was then filtered with 1 µm filters (Whatman) and cast onto a 
silicon wafer plate at room temperature. After controlled evaporation, the nascent
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were dried in vacuum at 250 °C for 48 hrs to remove the residual solvent. Membranes 






































































1 Chemical structures of 6FDA-durene and DAB dendrimers 
 
4.2.2 Membrane modification 
 
Three generations of pure DAB dendrimers were purchased from Aldrich and used as 
received. Their structures are illustrated in Figure 4.1. They are generation 1 (G1): 
polypropylenimine tetraamine dendrimer (trade name: DAB-AM-4), Generation 2 
(G2): polypropylenimine octaamine dendrimer (DAB-AM-8) and Generation 3 (G3): 
polypropylenimine hexadecaamine dendrimer (DAB-AM-16). DAB and AM are 
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named by Aldrich possibly because of the diaminobutane end groups and the amine 
units. For simplicity, here we use G1, G2, and G3 to represent DAB-AM-4, 
DAB-AM-8, DAB-AM-16, respectively. 
 
10% (w/v) of DAB dendrimer solutions in methanol were prepared. The chemical 
modification was performed by immersing the membrane films in the solution for a 
stipulated period of time at room temperature. The films were then washed with fresh 
methanol immediately after removal from the reagent solution in order to wash away 
all residual DAB dendrimers solution, followed by drying naturally at room 
temperature for about 1 day to ensure the complete removal of methanol solvent. 
 
.2.3 Characterization 




the films in dichloromethane for 24 hrs. The insoluble fractions were vacuum dried at 
120 °C for about 1 day. The weights of polyimide films before and after extraction 
were measured and the gel content was calculated by  
%100W Content Gel % 1 ×=                         (4-1) 
W0
where W1 and W0 are the insoluble fraction weight and original weight of the 
cross-linked polymer films, respectively. 
 
The FTIR-ATR measurements were performed using a Perkin Elmer FT-IR 
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Spectrometer Spectrum 2000 to characterize the chemical reaction between DAB 
 the 
nalysis chamber was maintained at 5.0×10-8 Torr or lower during each measurement. 
ere obtained at a photoelectron take-off angle of 90° with 
spect to the sample surface. All samples in the FTIR-ATR and XPS tests were dried 
rinciple using a Mettler Toledo 
balance with a density kit. In addition, the fraction
by the following equation:  
dendrimers and polyimides. X-ray photoelectron spectroscopy (XPS) was utilized to 
determine the surface chemical compositions of unmodified and cross-linked modified 
samples. The XPS measurements were carried out by an AXIS HSi spectrometer 
(Kratos Analytical Ltd., England) using the monochromatized Al Kα X-ray source 
(1486.6 eV photons) at a constant dwell time of 100 ms and a pass energy of 40 eV. 
The anode voltage was 15 kV. The anode current was 10 mA. The pressure in
a
All core-level spectra w
re
overnight under vacuum condition at 120 °C before measurement to ensure 
moisture-free samples. 
 
Density was measured according to the Archimedean p
al free volume (FFV) is calculated 
⎟⎠
⎞⎜⎛ −⎝= VFFV
VV 0                             (4-2) 
is the observed specific volume calculated from the measured density and is V  0V  
the occupied volume calculated from the correlation, V0=1.3 wV  where wV is the Van 
der Waals volume. Vw is estimated using the Bondi’s group contribution method [154].  
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4.2.4 Measurements of gas transport properties  
 
The pure gas permeabilities were determined by a constant volume and variable 
pressure method. Detailed experimental design and procedures have been reported 
elsewhere [74].  The permeabilities were obtained in the sequence of He, H2, O2, N2, 
CH4 and CO2 at 35 °C. The upstream pressure is 3.5 atm for He and H2 and 10 atm for 
other gases. The gas permeability was determined from the rate of 
downstream-pressure increase (dp/dt) obtained when permeation reached steady state 
according to the following equation: 















                     (4-3) 
P is the permeability of a membrane to a gas and its unit is in Barrer (1 Barrer 
= 1 × 10-10cm3 (STP)-cm/cm2 sec cmHg), is the volume of the downstream 
cham 3), is the film thickness (cm)
V
ber (cm L  . A  refers to the effective area of the 
membrane (cm2), T  is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by (psia
 
2p ). 




P=α                                (4-4) 
The apparent diffusion coefficient was calculated by the following equation: 
θ6
2LDapp =                                (4-5) 
where  θ  is the diffusion time lag (s) which can be obtained by the extrapolation of 
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the pressure versus time plot at the steady state to the time axis, as described in Paul 
and Koros’ early paper [19], L is the film thickness (cm), Dapp is the apparent diffusion 
coefficient (cm2/s) which can be simply calculated based on this equation. 
 
4.3 Results and Discussion 
 
4 n of 6FDA-durene films cross-l
 
.3.1 Characterizatio inked by DAB dendrimers  
The possible reaction mechanism between G1 dendrimer and 6FDA-durene, and the 


















































































Figure 4.2 Possible mechanism of 6FDA-durene cross-linking modification  
by G1 DAB Dendrimers  
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Figure 4.3 3-D structure of 6FDA-durene cross-linked by G1 
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Figure 4.4: FTIR-ATR spectra of 6FDA-durene films cross-linked by G1 
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To verify the cross-linking reaction between the dendrimer and the polyimide, Figure 
4.4 presents the FTIR-ATR spectra before and after cross-linking with a DAB 
dendrimer. The original 6FDA-durene is characterized by bands at around 1782.5 cm-1 
(attributed to C=O asymmetric stretch of imide groups), 1714.5 cm-1 (attributed to 
C=O symmetric stretch of imide groups), and 1350.9 cm-1 (attributed to C-N stretch of 
imide groups). After cross-linking, the C=O stretch band at around 1646.6 cm-1 of 
amide groups and the C-N stretching of the C-N-H group at around 1520.8 cm-1 were 
presented. The intensities of the characteristic imide peaks (1782.5 cm-1 and 1714.5 
cm-1) decrease, and the intensities of the characteristic amide peak (1646.6 cm-1) 
increases w ts that the 
cross-linking degree increases with the imm rsion time. The FTIR-ATR spectra of G2 
and G3 dendrimers cross-linked films show similar trends. 
 by different generations of DAB dendrimers 
C
N
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Figure 4.5: FTIR-ATR spectra of 6FDA-durene films cross-linked 
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The FTIR-ATR spectra of 6FDA films cross-linked by different generation dendrimers 
are compared in Figure 4.5. With the same immersion time (i.e., cross-linking time), 
the decrease of the relative intensity of characteristic imide peaks to the reference peak 
(C-F stretch in the CF3 group at 1240 cm-1) follows the order of: G1 > G2 > G3. This 
strongly implies that the degree of cross-linking induced by the G1 dendrimer is the 
highest, followed by G2 and then G3, which is consistent with the gel content test. The 
increase of characteristic amide peaks at 1646.6 cm-1 (C=O stretch) also follows a 
similar order. However, the peak 1520.8 cm-1 (C-N stretching of the C-N-H group) 
does not follow the same order as that of the imide and amide peaks mentioned above. 
This is because dendrimers contain the C-N-H bonds and the higher generation 
dendrimers have more C-N-H bonds per mole. This also implies that the –NH2 groups 
in the dendrimers cannot fully react with polyimides due to the steric hindrance arising 
from the complex structures of both the dendrimers and polyimides. 




















Figure 4.6: Gel content vs. cross-linking time 
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Figure 4.6 compares the gel content of cr king samples resulted from different 
generation DAB dendrimers. For G1 cross-linked samples, after 20-min cross-linking 
time, the gel content is higher than 94%. Compared with p-xylenediamine 
cross-linking results [43] on the same 6FDA-durene material at the same cross-linking 
conditions (i.e., the same solution concentration and cross-linking time), the gel 
content induced by DAB dendrimer G1 is lower. This is due to the fact that the 
swelling of the polyimide films in the dendrimers methanol solution is a pre-requisite 
for the formation of the cross-linked network. G1 dendrimer may have a larger 
gyration radius than that of p-xylenediamine in the methanol solution. Thus the former 
shows a lower cross-linking process because of steric hindrance. With the similar 
reason, the gel content follows the order: G1 > G2 > G3 at the same cross-linking time. 
This coincides with the FTIR-ATR results, which demonstrate that the degree of 
cross-linking decreases with an increase in dendrimer generation.  
 
Table 4.1 Elemental composition of 6FDA-durene surface before and after 
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Elemental composition data from XPS before and after modifications are summarized 
in Table 4.1. Because the fluorine element content remains constant in polyimides, the 
change in the ratio of nitrogen to fluorine (N/F) can be used to study the cross-linking 
modification. The results show that the surfaces of modified membranes have higher 
nitrogen content than that of the original ones and the N/F ratio increases with an 
increase in cross-linking time, indicating that the modified polyimide membranes may 
have a cross-linked network with DAB dendrimers on the surface. 
 
4.3.2 Gas transport properties of G1 cross-linked films: general features 
 
Figure 4.7 depicts the trends of permeability ratio vs. cross-linking time for various 
gases before and after G1 cross-linking. The common feature is that the permeability 
decreases with cross-linking time after 5 minutes of cross-linking. 
 















a aP0 (O2)=186 (Barrer ) ;     P0 (N2)=55.4 (Barrer )
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Figure 4.7 The effect of G1 cross-linking time on the relative permeability 
a. 1 Barrer = 1 × 10-10cm3 (STP) -cm /cm2 sec cmHg  
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Comparing the 60-minute cross-linked samples to the unmodified ones, the change in 
relative permeability decreases in the following order: CH4 (kinetic diameter: 3.80 Å)> 
N2 (3.64 Å)> CO2 (3.30 Å)> O2 (3.46 Å)> H2 (2.89 Å)> He (2.6 Å). Except for CO2 
gas, the decreasing order corresponds well with the kinetic diameter of gas molecules. 
This observation coincides with those reported in literature [74]. The significant drops 
in permeability ratios of O2, N2, CO2, and CH4 arise from the results of sharp 
decreases in relative apparent diffusion coefficients as shown in Figure 4.8. In the case 
f CO2, there are two possible reasons for the deviation. One may result from the 
diffusion 
omparison [151, 155] as well as from its highly condensable nature.  
o
possibility of differing orientations of its anisometric molecules during the 
c




2/s ; D0(CH4)=8.55 cm
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D0(N2)=27.9 cm









G1 Cross-linking Time (min)
 
Figure 4.8 The effect of G1 cross-linking time on relative diffusion coefficients 
 
Howe ples ver, the ch - amange in relative permeability for the 5-minute G1 cross linked s
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is interesting. It shows that for small kinetic diameter gases (He and H2), the 
permeability slightly increases, while for other big kinetic diameter gases, the 
permeability decreases. This phenomenon arises from many factors, which influence 
the gas transport properties after cross-linking. According to previous studies [74, 75], 
the swelling of polyimide films in the p-xylene-diamine (cross-linking agent) and 
methanol solution is the pre-requisite for the formation of cross-linking. Subsequently, 
Tin et al [76] in our group studied the effect of pure methanol immersion on the 
permeability of Matrimid 5218 polyimide and found its gas permeability increased 
tremendously, from a minimum of 50% to a maximum of 106% after immersing the 
Matrimid membrane in methanol for 1 day. Although the current materials and 
cross-linking time are different from Tin et al’s, the G1 cross-linking should follow the 
swelling pre-requisite process. In other words, two factors occur simultaneously and 
compete with each other during the cross-linking process. One is the swelling induced 
by the methanol solution, which results in an increase in the fractional free volume 
(FFV), and the other is the cross-linking effect, which tightens the polymer chain (by 
forming cross-linked networks and hydrogen bonds), fill in the inter-chain spaces and 
rearrange the free volume distribution. The swelling effect is magnified in terms of 
permeability increases for H2 and He because they have the smallest kinetic diameters. 
However, the effect of cross-linking modifications is magnified by the permeability 
and  in 
FFV, for gas molecules with larger diam s because of the restriction of thermal 
 diffusion coefficient decrease, which cannot be compensated by the increase
eter
fluctuations of polyimide chains by cross-linking, the lower frequency of gas jumps 
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and different free volume distribution. As a result, for the 5-minute G1 cross-linked 
samples, cross-linking effects have an advantage over swelling effects for gas 
molecules with larger diameters, but swelling effects can be exhibited more for gases 
with smaller diameters.  
 
To prove our hypothesis on the effects of swelling on membrane performance, a 
6FDA-durene sample was immersed in a pure methanol solvent for 5 minutes. Based 
on the density changes, the FFV values of original and 5-min methanol immersed 
samples are calculated. The FFV value increases from 0.159 (original 6FDA-durene) 
to 0.197 (5-min methanol immersed sample), which confirms that the methanol 
immersion during the cross-linking modification may increase membranes’ FFV.  
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As mentioned previously, the decrease in the rate of gas permeability vs. immersion 
time coincides with an increase in gas kinetic diameter (except CO2) for G1 
cross-linked samples. It is plausible to assume that the cross-linking may affect the 
selectivity of membranes. Figure 4.9 illustrates the trends of selectivity vs. 
ross-linking time for various gas pairs before and after G1 cross-linking. The 
 the 
selectivity increase for CO2/CH4.  
 
The approximately 265% increment in the H2/CO2 selectivity is very impressive. This 
is due to the fact that both are fast gases and it is not easy to enhance its selectivity. 
Several researchers have studied 6FDA-based or other polyimide modifications in 
order to improve H2/CO2 selectivity. Lin et al. [156] have investigated the gas 
transport properties of 6FDA-durene and 6FDA-pPDA blends and found the maximum 
increment in the H2/CO2 selectivity is about 54% (from 1.25 to 1.92) when the molar 
ratio of 6FDA-durene to 6FDA-pPDA is 1:4. Al-Masri et al. [50] modified 
6FDA-based the rotation 
around the aromatic ring and to create m re free volume. The maximum H2/CO2 
c
selectivity increases by about 400%, 300% and 265% for the gas pairs of He/N2, H2/N2 
and H2/CO2, respectively after 60 minutes of cross-linking with G1 dendrimers. For 
the gas pair of CO2/CH4, the maximum increment is about 74% after 20 minutes of 
cross-linking, and then the selectivity keeps relatively constant up to 60 minutes of 
cross-linking. This is consistent with Figure 4.8 because the diffusion coefficient of 
CH4 decreases faster with cross-linking time than that of CO2, which results in
 polyimides by the introduction of methyl groups to hinder 
o
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selectivity in their modified 6FDA-based polyimides is only about 2.25, which is 
lower than ours (3.7). Rezac et al. [69] blended polyetherimide with 
acetylene-terminated monomer, and then cured the mixture at different temperatures. 
The maximum increment in their H2/CO2 selectivity is only about 18.5% (cured at 
230°C). Matsui et al. [157] irradiated various polyimides by ultraviolet (UV) light and 
observed the maximum increment of H2/CO2 selectivity is in the range of 35.8% to 
44.9 %. In comparison with the above modification methods, the room temperature 
modification of polyimides with DAB dendrimers appears to have greater potential to 
improve H2/CO2 separation. 
 
4.3.3 A comparison of gas transport properties of G1, G2 and G3 cross-linked 
films 
 
Figure 4.10 shows the effect of different generation dendrimers on the He and H2 gas 
transport properties of cross-linked films. For the same gas, the relative permeability 
decreases and follows the order of G1 > G2 > G3. Since the swelling effect may be the 
same, this order is mainly resulted from the cross-linking effects. The degree of 
cross-linking induced by G1 dendrimers is the highest followed by G2 and then by G3, 
which can be verified by the gel content test as shown in Figure 4.7. Therefore, the 
cross-linking has more effects on G1 cross-linked films compared to G2 and G3. 
Similar to the previous case, the relative permeability increases if the cross-linking 
time is less than 5 minutes. However, if the cross-linking time is more than 5 minutes, 
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the relative permeability decreases continuously for all cross-linked samples. This 
implies that before 5 minutes, the swelling effects have an advantage over 
cross-linking effects and after 5 minutes the cross-linking takes main roles on gas 
transport properties for all cross-linked samples.  
 












 He (G1)   He (G2)  He (G3)
 H2  (G1)   H2  (G2)  H2  (G3)
 
Figure 4.10 The effect of different generation DAB dendrimers on the He and H2 
relative permeabilities of cross-linked films  
 
To separate the methanol swelling and DAB cross-linking effects, the membrane was 
immersed in pure methanol for different periods of times and the gas transport 
properties of the resultant membranes were tested. The relative H2 permeability, which 
is defined by the ratio of the permeability of cross-linked films to that of pure 
methanol immersed films in the same time scale, is plotted in Figure 4.11. Figure 4.11 
has excluded the swelling effect and only shows the cross-linking effect on membrane 
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permeability. As expected, the permeability decreases monotonously with an increase 
in cross-linking time and the degree of decrease follows the order: G1>G2>G3. This 
confirms our previous hypothesis that swelling results in permeability increase, while 
cross-linking results in permeability decrease. 
 
































Figure 4.11 H2 relative permeability of cross-linked 6FDA-durene  
after eliminating the methanol swelling effect 
 

























Figure 4.12 The effect of cross-linking on the selectivity by different DAB dendrimers  
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Figure 4.12 compares the He/N2 selectivity vs. cross-linking time for films 
cross-linked by different generation dendrimers. The selectivity increments for 60-min 
G1, G2 and G3 cross-linked samples are about 400%, 200% and 160%, respectively. 
As mentioned previously, the selectivity increase is the result of cross-linking effects 
hain tightening, filling of spaces and rearranging free volume distribution). In fact, 
the amount of selectivity increase follows the order of G1 > G2 > G3, which coincides 
with the order of the degrees of cross-linking measured by gel content and FTIR-ATR.  
 
4.3.4 A comparison of gas transport properties of cross-linked films with the 
upper bound materials 
 
One of the objectives in this study is to achieve good gas transport properties. The gas 
transport ith the 
upper bound materials [158]. Figure 4.13 demonstrates that all cross-linked 
6FDA-durene samples show excellent gas transport properties, which are above or 
near to the “upper bound materials”. With an increase in cross-linking time, the gas 
transport properties are further improved and located well above the 
permselectivity-permeability trade-off line. This suggests that the proposed 





properties compared wof G1, G2 and G3 cross-linked samples are 
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H 2 Permeability (Barrer)
 G2 60 m in;  G3 60 m in
13 A comparison of gas transport properties with upper bound materials 
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4.4 Conclusions 
 
The following conclusions can be made: 
1. A new kind of dendrimers, DAB dendrimers, has been discovered as cross-linking 
agents for polyimides. The novel cross-linking agents can perform cross-linking 
reactions at room temperature and improve the gas separation performance of 
polyimide membranes, especially for H2/N2, He/N2, H2/CO2. The cross-linking 
reactions were confirmed by FTIR, gel tests, and XPS.  
2. G1 has the smallest molecules and highest activity toward cross-linking reactions, 
followed by G2 and then G3.  Comparing the gas permeability of 6FDA-durene 
cross-linked by different generations of DAB dendrimers at the same immersion 
time, the gas permeability decreases in the order of G1 > G2 > G3, which is due to 
that different dendrimers have different molecule sizes and reactivities.  
3. Dendrimer-induced cross-linked 6FDA-durene membranes have shown the 
potential to surpass the gas separation performance set by the traditional 
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CHAPT
(METHYL
ER FIVE: THE EFFECT OF 1,3-CYCLOHEXANEBIS 
ANIME) MODIFICATION ON GAS TRANSPORT AND 
PLASTICIZATION RESISTANCE OF POLYMIDE MEMBRANES 
 
Synthetic polymeric membranes used as functional materials for gas separation are 
promising because the membranes separation systems have many advantages 
compared with the traditional separation methods [159-160]. Materials for gas 
separation must have characteristics of both high permeability and selectivity. The 
former increases productivity while the latter raises product’s purity. Both are essential 
to lower the capital and operation costs for membrane systems [161]. In addition, 
materials with improved anti-plasticization properties are desirable and essential for 
uses in harsh environments [41]. Among the many polymeric materials, polyimides 
have been widely studied for gas separation [162-164].  
 
A variety of new polyimides has been synthesized with diverse dianhydrides or 
diamines to achieve high gas separation performance during the last 2 decades 
65-167]. However, the synthesis of new polyimides may not be economically 
ractical for large scale applications. Therefore, many researchers focused their 
udies on chemical and physical modifications of commercially available or existing 
ome-made polyimides in order to improve their gas separation performance [139, 
68-170]. Among the different modification methods, the cross-linking method seems 
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The ef were 
vesti king 
id were carried out on dense membranes and hollow fibers 
separately by Bos et al. [51] and Krol et al. [53], and their effects on the suppression 
of plasticization had been studied. It was concluded that the formation of Charge 
Transfer Complexes (CTCs) at elevated temperatures may enhance the plasticization 
resistance. Wind et al. [71-73] cross-linked copolyimides containing free carboxylic 
acid with diol cross-linking agents at elevated temperatures and suggested covalent 
cross-linking were more promising to improve the gas separation properties and 
plasticization resistance.  
 
More recently, several diamino cross-linking agents of polyimides, such as para- and 
meta-xylenediamine [74-77], PAMAM (polyamidoamine) dendrimer [78-79] and 
diaminobutane (DAB)-dendrimers [170] have been discovered by our group. Some of 
them show effectiveness to modify polyimide membranes at room temperature. These 
approaches seem to be promising because not only they enhance gas separation 
performance but also have the advantages such as the simplicity of treatment and the 
availability to all kinds of aromatic polyimides. However, according to Wind et al. 
[71-73], thermal treatment has great influence on gas separation properties for the 
diol-induced cross-linked polyimide membranes because it may sway the reaction 
balance and change the degree of cross-linking. Besides, the chemical reaction 
between diamino and polyimides is reversibly driven by the thermal treatment as 
fects of UV photo cross-linking on the gas transport performance 
gated by Kita et al. [139] and Liu et al. [57]. Thermally induced cross-linin
reactions of Matrim
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pointed out by Yun et al. [171]. Therefore, it is anticipated that thermal annealing 
should affect the gas separation performance of the diamino cross-linked polyimide 
membranes. To our best knowledge, up to date, there is no report on this subject for 
gas separation using 1, 3-cyclohexanebis(methylamine) (CHBA) as the modification 
agent.  
 
This study has two objectives. We would like to investigate if 1,3-cyclohexanebis- 
(methylamine) (CHBA) can be effectively used as a brand new cross-linking agent for 
the chemical modification of polyimide membranes, and to define the effects of 
thermal annealing on the separation performance of CHBA cross-linked polyimides. 
he coupling effects of cross-linking and thermal annealing on the chemical T
compositions, substructures, gas sorption and gas transport properties of 6FDA-durene 
membranes are investigated and characterized by FTIR-ATR, XPS, Gel Content, UV, 
SEM-EDX, TGA, gas sorption and transport tests. Specially, their combined effects on 
the plasticization resistance are studied. The possible mechanisms during cross-linking 
and thermal annealing are proposed.  
 
5.2 Experimental  
 
5.2.1 Materials and dense membrane preparation 
 
The chemical structure of 6FDA-durene is shown in Figure 5.1. It was synthesized in 
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our laboratory and the details of synthesis have been described elsewhere [74]. The 
dense membrane preparation follows the same procedure described in reference 74. 
After controlled evaporation, the nascent films were dried in vacuum at 250 °C for 24 
hrs to remove the residual solvent. Membranes with thickness in the range of 50 ±  5 



















Figure 5.1 Chemical structures of 6FDA-durene and cross-link agent (CHBA)   
 
5.2.2 Membrane chemical modification and thermal annealing 
 
 
he cross-linking reagent, 1,3-cyclohexanebis(methylamine) (CHBA), was purchased 
d as received. The structure is also illustrated in Figure 5.1. 10% 
/v) of CHBA solutions in methanol were prepared. The chemical modification was 
was performed by a Centurion™ 
eytech Qex vacuum furnace. The cross-linked membranes were annealed under 
T
from Aldrich and use
(w
performed as elsewhere [74]. The thermal annealing 
N
vacuum (about 20 mmHg) for 24 hrs at elevated temperatures (in the range of 100 to 
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The FTIR-ATR measurements were performed using a Perkin Elmer FT-IR 
Spectrometer Spectrum 2000 to characterize the chemical reaction. X-ray 
photoelectron spectroscopy (XPS) was utilized to determine the surface chemical 
compositions of the samples. The XPS measurements were carried out by an AXIS 
HSi spectrometer (Kratos Analytical Ltd., England) using the monochromatized Al Kα 
X-ray source (1486.6 eV photons) at a constant dwell time of 100 ms and a pass 
energy of 40 eV. All core-level spectra were obtained at a photoelectron take-off angle 
of 90° with respect to the sample surface. TGA was performed using Perkin-Elmer 
TGA  
range of 200-800 nm with UV-3101 PC (Shimadzu). SEM-EDX was carried out by 
 with the 10 sec. 
oating time. 
 7 in the nitrogen environment and the reflection UV spectra were recorded in the
JEOL JSM-6360LA (Analytical Scanning Electron Microscope)
c
 
The gel content of cross-linked polyimide membranes were measured by extracting 
the films in dichloromethane for 24 hrs. The insoluble fractions were vacuum dried at 
120 °C for about 1 day. The weights of polyimide films before and after extraction 
were measured and the gel content was calculated by  
%100W Content Gel % 1 ×=                          (5-1) 
W0
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where W1 and W0 are the insoluble fraction weight and original weight of the 
ross-linked polymer films, respectively. 
he gas equilibrium isotherms for O2, N2, CH4 and CO2 gases were measured at 35°C 
he pure gas permeabilities were determined by a constant volume and variable 
ermeation reached steady state 




using a Cahn D200 microbalance sorption cell. The microbalance was first calibrated 
with each individual gas as a function of pressure. Then approximately 100 mg of 
polymeric films were placed on the sample pan. The system was evacuated for 24 h 
prior to test. A chosen gas at a specific pressure was fed into the system and the 
polymer sample started to sorb the gas until the equilibrium was reached. From the 
weight gained, the amount of gas dissolved in the polymer was calculated after 
correction for buoyancy. Subsequent experiments at higher pressures were carried out 
by repeating the procedures of gas feeding from the reservoir to the sample cell and 
weight monitoring without vacuuming the system again. 
 
5.2.4 Measurements of Gas Transport Properties  
 
T
pressure method. Detailed experimental design and procedures have been reported 
elsewhere [74].  The permeabilities were obtained in the sequence of He, H2, O2, N2, 
CH4 and CO2 at 35 °C. The gas permeability was determined from the rate of 
downstream-pressure increase (dp/dt) obtained when p
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here P is the permeability of a membrane to a gas and its unit is in Barrer (1 Barrer w
= 1 × 10-10cm3 (STP)-cm/cm2 sec cmHg), V is the volume of the downstream 
chamber (cm3), L  is the film thickness (cm). A  refers to the effective area of the 
membrane (cm2), T  is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by 2p (psia). 
 
The ideal separation factor of a membrane for gas A to gas B was evaluated as 
follows: 
B
AP=α                                  (5-3)  A/B P
5.3 Results and Discussion  
 
5.3.1 Characterization of modified polyimide films   
 
Figure 5.2 shows the FTIR-ATR spectra of 6FDA-durene membranes before and after 
CHBA cross-linking. The original 6FDA-durene is characterized by bands at around 
1783 cm-1 (attributed to C=O asymmetric stretch of imide groups), 1718 cm-1 
(attributed to C=O symmetric stretch of imide groups), and 1351 cm-1 (attributed to 
C-N stretch of imide groups). After cross-linking, the C=O stretch band at around 
1647 cm-1 of amide groups and the C-N stretching of the C-N-H group at around 1521 
cm-1 were presented. The intensities of the characteristic imide peaks (1783 cm-1 and 
1718 cm-1) decrease, and the intensities of the characteristic amide peak (1647 cm-1) 
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increa ion time (cross-linking time). T
cross-linking increases with immersion time. When the cross-linking time is up to 2 
ses with immers his suggests that the degree of 
days, the imide peaks almost disappear. 
 
Figure 5.2 FTIR-ATR spectra of 6FDA-durene before and after cross-linking 
 
Figure 5.3 presents the FTIR-ATR spectra of CHBA modified 6FDA-durene 
membranes before and after thermal annealing. According to Figure 5.3a, the original 
6FDA-durene shows the imide peaks at around 1783 cm-1，1718 cm-1 and 1351 cm-1, 
and the cross-linked films show amide peaks at around 1647 cm-1 and 1521 cm-1. 
However, thermal annealing decreases the intensity of amide peaks and increases the 
intensity of imide peaks. The relative intensity of amide/imide peaks (1647 cm-1/1718 
cm-1) continuously decreases with the annealing temperature from 0.590 (30min-100
℃) to 0.412 (30min-150℃), and further down to 0.240 (30min-200℃). It shows that 
the thermal annealing converts the amide groups into the imide groups. This 
phenomenon is more pronounced at higher wavenumbers (above 3100 cm-1) in the 
- 77 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
FTIR-ATR spectra (as shown in Figure 5.3b). The broad peak around 3500 cm-1 - 3100 
cm-1 is attributed to the NH (or hydrogen bond), which arises from amide groups (-NH 
stretch) in the materials [172]. After cross-linking, the broad peak of NH/hydrogen 
bond shows up. Nevertheless, the broad peak decreases with the thermal annealing 
temperature, and it almost disappears when the annealing temperature reaches only up 
to 200 .℃  
 
 
Figure 5.3 FTIR-ATR spectra of CHBA-modified 6FDA-durene  
before and after thermal annealing 
 
The FTIR-ATR results illustrate that the chemical compositions of 6FDA-druene films 
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change with chemical cross-linking and thermal annealing. Based on the FTIR-ATR 
results, the reaction mechanisms during chemical cross-linking and thermal annealing 























Figure 5.4 Possible reaction mechanisms during chemical cross-linking  
and thermal annealing 
 
To confirm the reaction mechanisms during diamino cross-linking and thermal 
annealing, XPS was carried out and the results are summarized in Table 5.1. Because 
the fluorine element content remains constant in polyimides, the change in the ratio of 
nitrogen to fluorine (N/F) can be used to study and analysis. The results show that the 
surfaces of 30min CHBA cross-linked membranes have higher nitrogen content 
(N/F=0.65) nnealing 
decreases the N/F ratio. After thermal anne ling at 200 , the N/F ratio drops back to ℃
0.40. This phenomenon can be attributed to the release of CHBA at elevated 
 than that of th er, the thermal ae original ones (N/F=0.31). Howev
a
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temperatures and is consistent with the FTIR-ATR results which confirm our 
hypothesis of reaction mechanisms. 
 
Table 5.1 Elemental composition of modified 6FDA-durene surface  


























Figure 5.5 illustrates the change of gel content of cross-linked samples with annealing 
temperature. It demonstrates that after 5min CHBA cross-linking, the gel content is up 
to about 90%, and the gel content is almost 100% when the cross-linking time reaches 
to the 30 min. For comparison, the un-heat-treated cross-linked samples (at 25 ) are ℃
used as controls in this Figure. It shows that the proposed cross-linking method carried 
out in the CHBA/methanol solution not only affects the surface of membranes but also 
the bulky matrix. This is due to the fact that the methanol swells the membranes, 
which facilitate the diffusion of cross-link agents through the membranes to react with 
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the bulky body [76, 170]. The thermal annealing remarkably reduces the gel content of 
the CHBA cross-linked membranes, and the higher the annealing temperature the 
wer the gel content. This phenomenon can be attributed to the reversible nature of 
diamino 
lo




















Figure 5.5: Gel content vs. annealing temperature 
(*the cross-linked samples without thermal treatment (at 25 ) are used as the ℃
controlled)  
 
Because the FTIR-ATR and XPS for the chemical composition analysis are limited on 
the surface of the membranes, SEM-EDX is carried out on the cross-section of the 
membranes. However, the original 6FDA-durene and the cross-linked samples are too 
tough to prepare clean and well fractured samples for the SEM-EDX test, so only the 
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200  annealed sample was tested and shown in Figure 5.6. It illustrates that the C ℃
and N elements homogenously distribute throughout the cross-section of membranes. 
There is no obvious difference between the surface and the body part of the 
membranes. It means that the thermal annealing almost homogeneously changes the 






a: cross-section SEM picture, b: carbon distribution, c: nitrogen distribution 
igure 5.6 SEM-EDX pictures of CHBA-cross-linked samples annealed at 200℃
 
After the thermal annealing, it is found that the membrane changes from transparent to 
yellow. The higher the annealing temperature, the deeper the yellow color. The color 
change during thermal treatment is typically due to the formation of charge transfer 
complexes (CTCs) [51, 173-174]. The alternating electron acceptor and donor endow 
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the polyimides with the ability to form CTCs. However, CTCs in solid state 
polyimides are most likely in a non-equilibrium state [173]. It means that thermal 
treatment at higher temperatures may facilitate the formation of CTCs, which can 
cause the spectral red shifts of UV absorption bands by reducing the donor-acceptor 
distance. The changes in UV wavelength and color are listed in Table 5.2. The data of 
ermal treated Matrimid published by Bos et al. [51] are also included in this Table 
for comparison, although their thermal treatment temperature is greatly different from 
ours.  
 
Table 5.2 UV wavelength and color properties of modified 6FDA-durene 







339415 min 350 ℃


















Bos et al. [51] thermally treated Marimid at 350  and found its color change ℃
increasing with the duration of thermal treatment, which was attributed to CTCs. In 
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this study, the original 6FDA-durene membranes were pre-treated at 250  in vacuum, ℃
but still kept its transparency. This demonstrates that thermal treatment up to 250  ℃
has no influences on the formation of CTCs in unmodified 6FDA-durene membranes. 
The cross-linked membranes still remain transparent and only show a small red shift 
of about 9 nm in the UV absorption band compared with that of the original one. 
Interestingly, the thermal treatment on modified 6FDA-durene membranes causes a 
surprising increase in red shift. In addition, the higher the annealing temperature the 
larger the red shift. At 200  annealing, the red shift is up to 326 nm, ℃ which is much 
rger than that of Matrimid (the maximum of its red shift is 21 nm) even though 
Matrim
 
The strong ability to form the CTCs in the cross-linked membranes arises from the 
nature of this novel cross-linking agent and the coupling effects of cross-linking and 
thermal annealing. The diamino chemical cross-linking opens the main chains in the 
solid state polyimides, which modifies the polymer chains to be relatively flexible. 
When the thermal treatment is applied, the relatively flexible chains are 
thermodynamically easier to achieve the configurational rearrangement and form 
CTCs, especially at higher temperatures (such as 200  in this study). As a result, ℃
thermal annealing facilitates the formation of CTCs in the cross-linked memb nes. 
Although the thermal treatment regenerates imide groups from amide groups in the 
la
id is treated at a higher temperature (350 ). ℃  
ra
cross-linked networks, the substructures of the polyimide membranes exhibit 
irreversible changes and the formation of CTCs displays significant influences on gas 
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transport properties (discussed later). The conceptual modeling of CTCs in 
6FDA-durene is shown in Figure 5.7. It should be pointed out that both the intra- and 
intermolecular CT interactions happen and contribute to the coloration and the 
substructure changes. Nevertheless, in the solid state polyimides, the CTCs dominate 























Figure 5.7 Charge transfer complex model of 6FDA-durene polyimides 
 
TGA was carried out to characterize the stability of the modified 6FDA-durene 
membranes. The degradation temperature (Td) is determined at the 5% weight loss. 
According to the Figure 5.8a, the Td of chemically cross-linked 6FDA-durene 
membranes decreases with the cross-linking duration. This may be due to the thermal 
instability of CHBA moiety at high temperatures. As shown in Figure 5.8b, the 
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thermal annealing improves the thermal stability and increases the Td of the 
cross-linked membranes. This is consistent with the previous discussion and the 
proposed reaction mechanisms, which suggesting the removal of CHBA moiety and 
forming of CTCs during the heat treatment.  
 
 
Figure 5.8 TGA results 
a. The effects of cross-linking duration; b. The effect of thermal annealing 
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Figure 5.9 Sorption isotherms at 35 ℃ 
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5.3.2 Gas sorption  
 
Gas sorption experiments were performed on the original and modified polyimide 
films. Figure 5.9 shows the gas sorption isotherms in polyimide films at 35 °C. Since 
the plasticization study (to be discussed later) suggests that the cross-linked 
6FDA-durene film may be plasticized at pressures above 110 psia, the CO2 sorption 
isotherm was conducted only up to 100 psia for the fitting comparison of dual mode 
sorption parameters. For other gases (O2, N2 and CH4), the applied pressures were up 
to 225 psia. The solubility isotherms of gases are concaved to the pressure axis and 
can be well described by the dual sorption model of gas sorption in glassy polymers as 
follows [176]:  
bp
bpCpkCCC HDHD ++=+= 1
'
                      (5-4) 
Where is the total absorbed gas concentration in the bulky polymer,  and 
are the gas concentrations in Henry (the dissolution mode in the densified region) and 
Langmuir (the hole filling mode in the unrelaxed volume) environments separately
,  and  are the Henry law constant, Langmuir capacity constant and 
Langmuir affinity constant (the ratio of the rate constants of gas adsorption and 
desorption in the microcavities or defects), respectively.  
 
A  
CH4 < CO2, which is consistent w f gases’ critical temperatures (N2: 
-118.6 °C < O2: -146.9 °C < CH4: -82.6 °C < CO2: 31.0 °C). The highest CO2 sorption 





ccording to Figure 5.9a, the solubility of different gases follows the order: N2 < O2 <
ith the order o 
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arises from the highest inherent condensability and the strongest polymer-penetrant 
teractions. The chemically cross-linked and thermally annealed 6FDA-durene 
e reduction in sorption of 6FDA-durene membranes may be 
explainable because of the cross-linking network an
diamino cross-linking agent [170], both diminish the gas sorption in Langmuir sites. 
According to the shift in UV wavelength, the thermal annealing facilitates the 
formation of CTCs in the cross-linked polyimide membranes and densifies the 
membrane structures [173]. As a result, the gas sorption further decreases during the 
thermal annealing process. 
 
Table 5.3 lists the dual model parameters (  and ), which were calculated 
by a non-linear least squares fit of the sorption data. It can be seen that  and 
increase in the order of N2 < O2 < CH4 < CO2. is related to the enthalpy of 
dissolution ( ) and is related to the apparent enthalpy of hole-filling, which 
in
membranes show the same trends for different gas sorption as that of the original 
sample.  
 
Figure 5.9b shows the CH4 sorption isotherms in the original and modified 
6FDA-durene films. Comparing different modified membranes, the sorption 
concentration follows the order: Original > CHBA-30min > CHBA-30min-100°C > 
CHBA-30min-200°C. This indicates that the cross-linking decreases gas sorption, and 
the thermal annealing of the cross-linked films further reduces gas sorption. After 
cross-linking, th




Dk b  
Dk  
DH∆ b  
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are dependent on the nature of  polymer-penetrant interaction [177]. As a result, polar 
molecular CO2 has the highest values of Dk  and b  due to the strongest 
polymer-penetrant interactions. 
 






























































kD:cm3(STP)/cm3 polymer atm; C’H: cm3(STP)/cm3 polymer; b: atm-1
 
 
To illustrate the cross-linking and annealing effects on the polyimide membranes, a 
comparison of dual mode parameters are carried out for different membranes. As 





Because 'HC  is the Langmuir capacity co ta which eflects the gas sorption 
capacity of microcavities and defects in the unrelaxed polymer at certain tem eratures, 
it is reasonable to believe that the volume percentage of microcavity and defects 
decrease continuously. The decrease may initially come from the hole-filing effect of 
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the cross-linking agent and the tightening effect induced by cross-linking [170], which 
is coherent with the decrease in the permeability ter cros linking (discussed later). 
After thermal annealing, the dec
 af s-
rease of is mainly due to the effect of forming 
harge transfer complexes (CTCs) [51, 173-174], which results in more densified 
membranes. In o volume) further 
decreases after thermal annealing. Besides, the substructure of the cross-linked 
membranes during thermal annealing is modified, which may affect the fractional free 
volume (FFV) and its distribution in the membranes.   
 
5.3.3 Gas transport properties of modified films 
 
The effects of chemical cross-linking and thermal annealing on the gas transport 
properties of the modified membranes may be summarized as follows from two 
aspects: 1. Chemical aspect: the membrane’s chemical compositions and material 




ther words, the unrelaxed volume (excess free 
has been modified because of the hole filling effects by the cross-linking agent and the 
formation of CTCs.  
 
Table 5.4 shows the gas transport properties of cross-linked and thermal annealed 
6FDA-durene membranes. The gas permeability of the original 6FDA durene 
membranes follows the sequence: CH4 (kinetic diameter: 3.80 Å) < N2 (3.64 Å) < O2 
(3.46 Å) < He (2.6 Å) < CO2 (3.30 Å) < H2 (2.89 Å). Except for CO2 and H2 gases, the 
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order of different gas permeability corresponds well with their kinetic diameter, and 
the smaller the kinetic diameter of the gas molecules the larger the permeability. 
Because the permeability is a product of the solubility and the diffusivity, He has poor 
interactions (less solubility) with the polymer; therefore, its permeability is lower than 
that of H2 [179]. In the CO2 case, the deviation may be resulted from the higher 
polymer-penetrant interactions of the polar CO2 compared with that of He, and the 
possibility of differing orientations of its anisometric molecules during the diffusion 
comparison [155].  
Table 5.4 Gas transport properties 
 
However, after cross-linking and subsequent thermal annealing, the order of gas 
permeability follows a new order as: CH4 (kinetic diameter: 3.80 Å) < N2 (3.64 Å) < 
O2 (3.46 Å) < CO2 (3.30 Å) < He (2.6 Å) < H2 (2.89 Å), in which the CO2 gas has 
changed the order and demonstrates a lower permeability than that of He gas. This 
may be due to the chain tightening effects caused by the novel chemical cross-linking 
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reaction [170] and by the thermal-induced CTCs formation. 
 
The effects of thermal annealing on permeability combine the effects of the formation 
of CTCs and the release of CHBA on gas transport. Thermal annealing applied at 100 
°C slightly decreases the permeability of cross-linked membranes, which may be 
attributed to 1) the tendency toward thermodynamic equilibrium of chain packing of 
6FDA-durene, and 2) CHBA moieties in the interstitial space of the cross-linking 
structure and 3) the initiation of CTCs formation. An increase in the degree of 
cross-linking during the se [71, 73]. However, 
permeability surprisingly increases slightly if the annealing is taken place at 150 °C. 
This is mainly due to the heavy release of the cross-linking agents and the 
redistribution of FFV during the conversion of amide into imide groups, which can not 
fully be compensated by the densifying effect of the CTCs formation. Therefore, the 
permeability becomes relatively constant after annealing at 200 °C, which is a result 
of the balance between the release of the cross-linking agents and the formation of 
CTCs. The discrepancy between permeability and gas sorption trend of CHBA 
cross-linked membranes with thermal treatment should arise from the diffusivity, 
which is affected by the complex structure evolution and CTC formations.  
  
A comparison of selectivity shows that all modified membranes have higher H2/CO2, 
O2/N2 and CO2/CH4 selectivity than that of the original 6FDA-durene membranes. The 
O2/N2 selectivity of annealed samples does not change much with annealing 
 annealing may also be the cau
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temperature. On the other hand, the H2/CO2 and CO2/CH4 selectivity of the annealed 
mples show the larger changes with annealing temperature. Interestingly, the 
er has a 
er permeability and higher selectivity. This phenomenon may be attributed to the 
sa
CO2/CH4 selectivity increases with annealing temperature. However, the H2/CO2 
selectivity initially increases after annealing at 100  and then decreases with an ℃
increase in annealing temperature. At 100  annealing, the rearrangement of ℃
polymeric chains and the possible further cross-linking may be the driving forces to 
yield higher H2/CO2 and CO2/CH4 selectivity. Further increase in anneal temperature 
favors the CTCs formation and decreases polymer-penetrant (CO2) interactions by 
changing the chemical composition of the membranes. As a result, the selectivity of 
H2/CO2 decreases, while the selectivity of CO2/CH4 increases with increasing 
annealing temperature. It means the thermal annealing can effectively improve the 
CO2/CH4 selectivity of cross-linked 6FDA-durene membranes almost without the 
reduction in the permeability (as shown in the Table 5.4). 
 
Interestingly, FTIR, XPS and TGA studies show that 6FDA-durene almost regenerates 
its original chemical composition and thermal stability after 200 °C annealing. 
However, Table 5.4 indicates that the gas transport properties of the sample annealed 
at 200 °C become much different from that of the original sample. The form
low
combined effects of the chemical cross-linking modification and thermal annealing on 
the membrane. The formation of CTCs, the release of CHBA, and the redistribution of 
FFV all play an important role on gas transport properties of modified membranes. 
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5.3.4 The effects of thermal annealing on the CO2 plasticization resistance 
 
Plasticization phenomena are observed in many glassy polymers such as PSF, PMMA 
and polyimide (PI) [38-40, 180]. The dual mode sorption model illustrates that the 
permeability decreases with an increase in pressure [51, 176]. Because the 
condensable gases such as CO2 have strong polymer-penetrant interactions, it can 
swell up the glassy polymer and loosen the polymer matrix when the pressure is above 
the critical plasticization pressure. Consequently, the permeability increases and 
selectivity decreases with increasing pressure when the plasticization happens. 
Therefore, the plasticization resistance should be achieved to keep the membranes’ 
satisfactory performance in the aggressive environments [41]. According to Bos et 
al.’s work [51], the formation of CTCs may be a reason for the improvement of 
plasticization resistance in thermally treated Matrimid membranes. Most recently, 
rol et al. [53] thermally treated the Matrimid hollow fibers and found that the 
es 
K
formation of CTCs restricts the chain mobility and suppresses the plasticization in 
propane/propylene environments. Therefore, it would be interesting to investigate the 
plasticization phenomena after the cross-linking or/and thermal annealing.  
 
Figure 5.10 demonstrates the relationship between the relative CO2 permeability vs. 
the feed pressure as a function of various post-treatment conditions. The original 
6FDA-durene exhibits an increase in the relative CO2 permeability when the pressure 
is above approximate 300 psia. After cross-linking, the cross-linked sample becom
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more easily plasticized compared with the original one, and the plasticization happens 




































ross-linking reactions may take place on the side chains of the polymer, while its 
30 min-150℃
 
Figure 5.10 Effect of pressure on the relative CO2 permeability of CHBA cross-linked 
and thermal annealed 6FDA-durene 
 
Instinctively, this phenomenon may be contrary to the common concept that the 
cross-linking can improve the plasticization resistance in the polymer matrix [51, 71, 
73]. However, after close examination, one may attribute the disparity to the different 
methods of cross-linking and different cross-linking mechanisms. Con
c
rigid main chains remain intact. However, the rigid main-chain structure of 
6FDA-durene polyimide is modified by our cross-linking method; the imide ring is 
opened by the cross-linking reaction (as shown in Figure 5.4). As a result, the 
cross-linked polymer has relatively flexible main chains and is therefore more 
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vulnerable to be plasticized by condensable gases when compared with that of the 
original samples. The other reason may arise from the fact that the methanol 
immersion during the cross-linking modification may loosen the chain package [78, 
170]. Therefore, the CO2 gas is relatively easier to swell and loosen the cross-linked 
polymer matrix. 
 
Surprisingly, the thermal annealing effectively improves the plasticization resistance 
of the cross-linked membranes. Even though at 100  thermal annealing, the ℃
plasticization resistance of the cross-linked 6FDA-duren membranes is improved to be 
almost equal to that of the original one. The higher the thermal annealing temperature, 
the better the plasticization resistance. After thermal annealing at 200 , th℃
lasticization up to 50 atm (720 psia.), which is much higher than the plasticization 
e 
improvement is greatly achieved and the treated membranes do not show 
p
pressure around 110 psia for the as-crosslinked sample and 300 psia for the original 
one. This enhancement of anti-plasticization characteristics is attributed not only to the 
regeneration of chemical composition from amide groups to imide groups driven by 
the thermal annealing, but also to the formation of the CTCs and the changes in the 
membrane substructure. In other words, the formation of CTCs can restrict the 
mobility of polymer chains and improve the plasticization resistance of membranes. 
This is coherent with the Krol et al.’s study [53]. Compared with Krol et al’s work, our 
method seems to be more powerful and effective to form the CTCs because the 
flexible cross-linked membranes have the strong ability to undergo thermodynamic 
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rearrangement of the configuration of polymer chains and form the CTCs at elevated 
temperatures. Consequently, the great improvement in the plasticization resistance is 




The following conclusions can be made: 
1. The coupling effects of diamino cross-linking and thermal annealing on polyimide 
membranes are characterized by FTIR-ATR, XPS, Gel Content, UV, SEM-EDX 
and TGA. The possible reaction mechanisms during cross-linking and thermal 
annealing are proposed based on the experimental results. It is found that the 
coupling effects facilitate the formation of CTCs and significantly modifies the 
substructure in the polyimide membranes. 
2. According to gas sorption test, the solubility of different gases follows the order: 
O2 < N2 < CH4 < CO2, which is consistent with the order of gases’ critical 
temperatures (O2: -146.9 °C < N2: -118.6 °C < CH4: -82.6 °C < CO2: 31.0 °C). The 
sorption concentration of different modified membranes follows the order: 
Original > CHBA-30min > CHBA-30min-100°C > CHBA-30min-200°C. 
3. It is found that thermal annealing can effectively improve the CO2/CH4 selectivity 
of cross-linked 6FDA-durene membranes without much reduction in permeability.  
4. The combined effects of diamino cross-linking and thermal annealing are effective 
to form the CTCs because the flexible cross-linked polymeric chains have the 
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strong ability to undergo thermodynamically rearrangement and form the CTCs 
during the thermal annealing. As a result, a great improvement in plasticization 
resistance is achieved by the proposed diamino cross-linking modification and the 
subsequent thermal annealing. 
experimental results, a novel strategy to enhance the plasticization 
























5. Based on our 
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Developing membrane technology for gas separation is challenging but economically 
rewarding from industrial prospect [181-184]. Amongst various organic polymeric 
materials, polyimides have been most widely used for gas separation [185] because of 
eir good gas separation performance arising from inherent rigid main chains, as well 
s excellent chemical resistance and thermal stability [162, 164]. Amongst diverse 
rategies to enhance polyimide membranes against plasticization and impurity 
ydrocarbon attack, thermal treatment and chemical cross-linking methods have been 
equently used and studied [51-53, 71-75, 170].  
hermal treatments have been carried out by many researchers due to easy operation 
nd acceptable performance [51-54]. Kawakami et al. [51] treated fluoro-polyimides at 
ifferent curing temperatures, and found that the permeability decreased and 
paration factor increased with curing temperatures because of thermally induced 
ensified structures and the Charge Transfer Complexes (CTCs) formations. Most 
cently, Barsema et al. [52] performed a study on Matrimid 5218 by the thermal 
eatment in a wide range of temperatures from 300 to 525  and illustrated that ℃
ermal treatments applied at temperatures below and above polymer’s Tg can all 
prove plasticization resistance. This conclusion is consistent with Bos et al. [51] and 
rol et al. [52] studies, in which the formation of CTCs contributes to the improved 
HAPTER SIX: POLYIMIDE MODIFICATION BY A LINEAR ALIPHATIC 
DIAMINE TO ENHANCE TRANSPORT PERFORMANCE 
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p
 
 to improve gas separation properties is to chemically cross-link 
polyimides, where the chemistry of the cross-linking agents and/or the post treatment 
conditions are key factors to determine the gas transport performance of the final 
products. Wind et al. [71-73] applied various diol agents to cross-link polyimides with 
a free carboxylic acid on the side chains. They illustrated that appropriate diol 
cross-linking agents can effectively improve the gas transport performance of 
polyimides. Besides, thermal annealing applied on diol cross-linked polyimides [71] 
seemed to be more promising, because the thermal force can drive further 
cross-linking on chemically modified materials and optimize gas transport properties 
of polyimides. Recently, our group has discovered the diamino cross-linking method 
[74], and various novel agents such as starburst dendrimers [170] and aromatic 
diamines [75] have been applied to modify polyimides. Furthermore, we also 
identified aliphatic diamines with 6-member ring (CHBA) for polyimide modifications. 
Even though many chemical agents have been identified for diamino cross-linking, it 
is still necessary to discover better chemical cross-linking agents and better post treat 
protocols for practical and economical applications. 
 
Linear aliphatic ethylenediamines (EDA) have been widely used in ion-exchange 
membranes for facilitated transport [186-191]. According to our best knowledge, 
EDAs have never been applied as reactive agents on polyimide membranes for gas 
lasticization resistance in the thermally treated polyimides.  
The other strategy
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transport study. Considering its unique linear structure, small molecular volume and 
nctional groups potential to react with polyimides, EDA was studied to cross-link 
n described elsewhere [74]. The 
ense film preparation follows the same procedure described in [170]. After controlled 
fu
polyimides in this work for the following two objectives: 1) to investigate if EDA can 
be effectively used as a novel cross-linking agent for chemical modification of 
polyimides; 2) to define the effects of thermal annealing on the separation performance 
of EDA cross-linked polyimides. The modified polyimides were characterized by XPS, 
FTIR-ATR, DSC, XRD, UV and gas permeation tests. Mixed gas permeation tests for 
CO2/CH4 (50:50 mol %) separation was also carried out in unmodified and modified 
polyimides. The findings may have potentials for developing polymeric materials with 
better gas separation/plasticization resistance properties for practical gas and 
hydrocarbon separation in industrial applications. 
 
6.2 Experimental  
 
6.2.1 Materials and preparation methods 
 
The chemical structure of 6FDA-durene is shown in Figure 6.1. It was synthesized in 
our laboratory and the details of synthesis have bee
d
evaporation, the nascent films were dried in vacuum at 250 °C for 24 hrs to remove 
the residual solvent. Polyimide films with thickness in the range of 50 ±  5 µm were 
chosen for testing and characterization. 
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n of polyimides 
low molecular weight) cross-linking reagent, ethylenediamine 
DA), was purchased from Aldrich and used as received. The purity of EDA was 
trated in Figure 6.1. 10% (w/v) of 
DA solutions in methanol were prepared. The chemical modification was performed 
ex vacuum furnace. The EDA cross-linked 
Figure 6.1 Chemical structures of 6FDA-durene and linear aliphatic agents (EDA)  
 
6.2.2 Diamino chemical and thermal modificatio
 
A linear aliphatic (
(E
more than 99.0%. The chemical structure is also illus
E
by immersing the membrane films in the EDA/methanol solution for a stipulated 
period of time (1 min or 5 min). The EDA modified films were then washed with fresh 
methanol immediately after removal from the reagent solution in order to wash away 
all residual EDA solution, followed by drying naturally at room temperature for about 
1 day to ensure the complete removal of methanol solvent. The thermal annealing was 
performed in a Centurion™ Neytech Q
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membranes were annealed under vacuum (about 20 ±  2 mmHg) for 24 hrs at 
elevated temperatures (100 , 150  , 200  and 250  for 1 min EDA ℃ ℃ ℃ ℃
cross-linked samples; 100  and 150  for 5 min EDA cross℃ ℃ -linked samples), and 
then naturally cooled down in vacuum.  
 
6.2.3 Chemical and physical characterization of modified polyimides 
 
The FTIR-ATR measurements were performed using a Perkin Elmer FT-IR 
Sp  
re 16). The XPS measurements were carried out by an AXIS HSi spectrometer 
Kα X-ray source 
486.6 eV photons) at a constant dwell time of 100 ms and a pass energy of 40 eV. 
ectrometer Spectrum 2000 to characterize the chemical reaction (the scanning times
a
(Kratos Analytical Ltd., England) using the monochromatized Al 
(1
All core-level spectra were obtained at a photoelectron take-off angle of 90° with 
respect to the sample surface. A Brukel wide-angle X-ray diffractometer (Bruker D8 
advanced diffractometer) was performed to quantitatively measure the ordered 
dimension and interchain spacing of membranes at room temperature. Ni-filtered Cu 
Kα radiation with a wavelength of λ=1.54 Å was used in XRD experiments.  The 
reflection UV spectra were recorded in the range of 200-800 nm with UV-3101 PC 
(Shimadzu). DSC is performed on DSC822e (Mettler Toledo) with a heating rate of 3 
°C/min in N2 environments.  
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6.2.4 Measurements of transport properties  
 
The pure gas permeability was determined by a constant volume and variable pressure 
method. Detailed experimental design and procedures have been reported elsewhere 
.  The permeability was obtained in the sequence of He, H2, O2, N2, CH4 and CO2 
am-pressure 
crease (dp/dt) obtained when permeation reached steady state according to the 
[74]
at 35 °C. The gas permeability was determined from the rate of downstre
in
following equation: 







10273 10                      (6-1) 
                                                                
where 
⎣⎤⎡ × dtp 76760 2
           
P is the permeability of a membrane to a gas and its unit is in Barrer (1 Barrer 
= 1 × 10-10cm3 (STP)-cm/cm2 sec cmHg), V is the volume of the downstream 
chamber (cm3), L  is the film thickness (cm). A  refers to the effective area of the 
membrane (cm2), T  is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by 2p (psia). 
 
The ideal separation factor for gas A to gas B was evaluated as follows: 
B
A/B P
=α                                   (6-2) AP
 
he facility used for binary gas permeation measurements is shown in Figure 6.2. The 
ure gas permeation cell was modified for the continuous flowing feed by connecting 
T
p
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to a needle valve to control the upstream pressure and equipped with a retentate 
hannel to avoid the slow gas accumulation of feed at the upstream. The downstream c
part of the permeation cell was connected to a gas chromatograph (GC) by a valve 
(C6). The GC used was a Hewlett Packard (HP) 6890 Series GC completed with a HP 
5973 mass selective detector ands calibrated by one set of gas mixtures of CO2 and 











US=Upstream  ; INT-DS=Internal Downstream
DS=Downstream ;GC= Gas Chromatograph

















Figure 6.2 Schematic diagram of mixed gas permeation apparatus 
A binary gas mixture containing 50% o
and the measurements were conducted at 35 °C with stipulated pressures. The 
sampling process is initiated by evacuating the line from the receiving volume (the 
lower chamber: downstream) to GC by vacuum pump. The compositions of the feed 
and permeate were analyzed by the GC. Before the collection of gas mixture in 
 
f CH4 in CO2 was used as the feed gas mixtures 
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downstream, membranes were conditioned with the feed gas mixtures until reaching 
the stable gas sorption in membranes. Then the permeate gas mixtures were collected 
until the downstream pressure is more than 70 Torr. The valve C6 was opened to allow 
the permeate gas mixtures into GC. The permeability was calculated with the 
consideration of non-ideal gas behavior, described by Wang et al [192]. Similar to the 
pure gas permeability, the mixed gas steady state permeation rate were then 




















































10273                (6-4) 
where  and  are respectively the permeability of gas CO2 and CH4 
(Barrers),  is the upstream feed gas pressure (psia),  is the downstream 
permeate gas pressure (psia), is the gas CO2 molar fraction in the feed gas 
(%)and is gas CO2 molar fraction in the permeate (%), V is the volume of the 
downstream chamber (cm3), L is the film thickness (cm). Subsequently, the separation 
factor of m ed in Eq. 
6-2 due to the negligible downstream pressure.  
 
6.3 Results and Discussion 
 










ixed gas can be simplified into the calculating equation as describ
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Table 6.1 Elemental compositions of unmodified and modified 
6FDA-durene surface determined by XPS 
0.4268.695.1913.8212.31 min, no thermal EDA cross-linked
0.3666.435.4113.3214.851min, then 200℃





















ing cross-linking time, and only 
-min EDA cross-linking results in 0.66 of N/F. This phenomenon illustrates that EDA 
DA-durene, and the nitrogen is chemically bonded after 
DA cross-linking. Compared with our previous study, the N/F value (0.66) of 5-min 
imer 
To exp reaction chanisms during EDA cross-linking and thermal annealing, 
XPS was carried out on the surface of modified 6FDA-durene. The XPS results are 
summarized in Table 6.1. The ratio of nitrogen to fluorine (N/F) can be used to 
analyze the reactions because the fluorine element remains constant in the original and 
modified 6FDA-durene. The results show that the surface of EDA cross-linked 
6FDA-durene has a higher nitrogen content than that of the original 6FDA-durene 
(N/F=0.31). The value of N/F increases with increas
5
can effectively react with 6F
E
EDA cross-linked membranes is smaller than that (0.87) of 5-min starburst dendr
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(DAB-G1) ct that the 
starburst dendrimer has a higher density of functional groups (–NH2) in [152]. 
Surprisingly, the N/F ratio of EDA cross-linked 6FDA-durene decreases after thermal 
annealing. For example, the N/F ratio drops from 0.66 (the 5-min EDA cross-linked 
samples) to 0.44 (after 150  thermal annealing). This phenomenon should be ℃
attributed to the release of EDA at elevated temperatures. The reaction mechanisms 
during EDA cross-linking and thermal annealing are proposed as Figure 6.3 based on 
XPS characterizations. The EDA cross-linking forms network structures and produces 
amide groups in polyimides. The following thermal annealing induces the 
re-imidization in EDA modified 6FDA-durene and concurrently releases EDA agents 
from the bulk polymer.  
























Figure 6.3 Possible reaction mechanisms during EDA induced 
cross-linking and thermal annealing  
Cross-linking
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Figure 6.4 FTIR-ATR spectra of unmodified and modified 6FDA-durene 
 
e intensity ratio of the imide/amide to –CF3 peaks for  






Intensity ratio of the imide/amide to -CF3 peaks
0.6950.5830.0985 min
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Furthermore, FTIR-ATR was performed to confirm the proposed reaction mechanisms. 
Figure 6.4 demonstrates the FTIR-ATR spectra of various membranes and the relative 
ratios of imide/amide to CF3 peak intensity are summarized in Table 6.2. Bands at 
around 1786 cm-1 (attributed to C=O asymmetric stretch of imide groups), 1716 cm-1 
(attributed to C=O symmetric stretch of imide groups), and 1351 cm-1 (attributed to 
C-N stretch of imide groups) are characteristic imide peaks in the original 
6FDA-durene [170]. After EDA cross-linking, the characteristic amide peaks occur at 
around 1644 cm-1 (C=O stretch of amide groups) and 1516 cm-1 (C-N stretching of the 
C-N-H group). For comparison, the C-F peak at around 1240 cm-1 is set as the 
reference peak because the content of C-F bond is constant during modifications. 
Accord eases 
with cross-linking tim tretch peak intensity 
increases from 0.469 (1-min EDA cross-linking) to 0.695 (5-min EDA cross-linking). 
This illustrates that EDA cross-linking on polyimides is a time-dependent process. By 
carefully comparing the amide C=O stretch in EDA cross-linked samples, it was found 
that increasing cross-linking time results in blue shifts of amide C=O peaks. For 
example, the C=O peaks shift from 1667 cm-1 (1-min EDA cross-linking) to 1644 cm-1 
of (5-min EDA cross-linking). The large blue shift may arise from a higher density of 
hydrogen bonds in heavily EDA cross-linking situations.  
 
It is also observed in Table 6.2 that thermal annealing on EDA cross-linked 
6FDA-durene increases the relative intensity of imide/C-F peaks and decreas  the 
ing to Table 6.2, the relative intensity of amide peaks to the C-F peak incr
e. For examples, the relative amide C=O s
es
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relative intensity of amide/C-F peaks. For example, the relative intensity of 
imide/-CF3 peak in 1-min EDA cross-linked membranes continuously increases with 
annealing temperature. This means that thermal treatment regenerates imide groups in 
the EDA cross-linked 6FDA-durene. This is consistent with XPS results and confirms 
the reaction mechanisms. 
 
6.3.2 Physical characterizations of unmodified and modified 6FDA-durene 
 
DSC was carried out from 50  to 450  to analyze the physicochemical properties ℃ ℃
of EDA cross-linked 6FDA-durene during thermal annealing. Only the first run of 
EDA cross-linked 6FDA-durene is valuable for the analysis because the 
physicochemical properties will be irreversibly changed after heating up to 450 . ℃
For comparison, we only show the first heating and cooling runs for the original and 
5-min EDA cross-linked 6FDA-durene. Before starting the DSC run, all tested 
samples are conditioned at 50  for about 30 min to eliminate impurities and assure ℃
reliable results. Figure 6.5 shows the DSC results of the original and 5-min EDA 
cross-linked 6FDA-durene. Curves 1 and 2 are heating and cooling curves of the 
original 6FDA-durene, while curves 3 and 4 are heating and cooling curves of the 
5-min EDA cross-linked 6FDA-durene. A comparison of heating curves 1 and 3 shows 
at there are significant differences in heat flow.  Curve 3 has an endothermic peak th
at around 50-120  and a broad exothermic peak at around 120℃ -260 , while the ℃
curve 1 (the unmodified 6FDA-durene) does not have such peaks. Referring to the 
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XPS and FTIR analyses, the endothermic peak at around 50-120  should arise from ℃
the configurational rearrangement of polymer chains or the further cross-linking in 
modified 6FDA-durene, whereas the exothermic peak around 120-260  should ℃ be 
due to re-imidization reactions in the EDA cross-linked 6FDA-durene. The result 
reveals that thermal annealing has various effects on EDA cross-linked 6FDA-durene 
t different temperature stages. Configurational rearrangement of polymer chains and 
e both 
-imidization reaction and the release of EDA from the cross-linked 6FDA-durene 
a
possible further cross-linking may take place at the low temperature stage, whil
re
occur at the high temperature stage. 























Figure 6.5 DSC results of the original and 5-min EDA cross-linked 6FDA-durene 
 
A comparison of the cooling curves (2 and 4) shows that the original 6FDA-durene 
(curve 2) exhibits the T
 
g at around 425 ; however, the EDA cross℃ -linked 
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6FDA-durene (curve 4) has no obvious peak during cooling. The difference may be 
related with the CTCs formation (discussed later) by the coupling effect of EDA 
cross-linking and thermal annealing, which results in the decreased mobility of 
polymer chains and densified membrane structures. Clearly, the thermal annealing has 
greatly changed the physicochemical properties of EDA cross-linked 6FDA-druene 
membranes.  
 
Table 6.3 UV wavelength and color properties of modified 6FDA-durene  






339415 min, 350 ℃



















om transparent to yellow after thermal annealing. The color change in thermally 
is found that the color of EDA cross-linked 6FDA-durene membranes has change
fr
treated polyimides is commonly due to the formation of charge transfer complexes 
(CTCs) [51-53, 174]. Therefore, UV analyses were carried out on unmodified and 
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modified 6FDA-durene films. The changes in UV wavelength and colors are listed in 
Table 6.3. The data of thermally treated Matrimid published by Bos et al. [51] are also 
included for comparison although their thermal treatment temperature was different 
from ours.  Bos et al. [51] thermally treated Marimid at 350  and found that the ℃
membrane color becomes darker yellow with the duration of thermal treatment, which 
was attributed to the CTC formation. In this study, the original 6FDA-durene was 
re-treated at 250  in vacuum and st℃ ill maintained transparent, which indicates that 
250 ℃ TC 
formation. However, the EDA cross-linked 6FDA-durene membranes has a slight red 
shift of UV spectra, and further thermal annealing induces a much greater red shift. 
The higher the applied temperature, the larger the red shift. For example, thermal 
treatment at 250  introduces a 252.5 nm red shift in the 1℃ -min EDA cross-linked 
6FDA-durene, which is much larger than that of Matrimid (the maximum of its red 
shift is 21 nm) even though Matrimid is treated at a higher temperature (350 ). This ℃
phenomenon suggests the coupling effects of EDA cross-linking and thermal 
annealing may facilitate CTCs formation in 6FDA-durene bulky.  
 
Figure 6.6 shows the XRD results of unmodified and modified 6FDA-durene. 
p
 thermal annealing  can not induce the Con the original 6FDA-durene
According to Figure 6.6a,  the d-space of 1-min EDA cross-linked 6FDA-durene is 
6.42 Å, which is slightly larger than that (6.37 Å) of the original one. This may be due 
to methanol swelling effects on slightly cross-linked 6FDA-durene [170]. However, 
the d-space significantly decreases from 6.37 Å to 6.22 Å when the cross-linking time 
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increases to 5 min, which  illustrates the structure-tightening effect induced by 
cross-linking (i.e., the cross-linking agent inserts into polymer chains, forms and 
tightens the network structure) will become more severe at intensive cross-linking 
situations. Figure 6.6b shows the effects of thermal annealing on the d-space of 1-min 
EDA cross-linked 6FDA-durene. Thermal annealing at 100  can not change the ℃
d-space of 1-min EDA cross-linked 6FDA-durene membranes. However, thermal 
annealing at 150  obviously decreases the d℃ -space from 6.42 Å to 5.79 Å. The great 
d-space decrease may be attributed to the formation of CTCs, which makes the films 
structure densified. Further annealing at 250  slightly increases the d℃ -space to 5.85 
Å, which again is due to the release of the cross-linking agent from the bulky 
polyimide network as shown in Figure 6.3 at 250 . As a result, more℃  interstitial 
space among chains is formed. 
 
 
Figure 6.6 XRD spectra of unmodified and modified 6FDA-durene 
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6.3.3 Transport properties  
 
Six gases (He, H2, O2, N2, CH4, CO2) are applied to probe the effect of EDA 
cross-linking and thermal annealing on 6FDA-durenen membrane structure and 
transport properties. He and H2 were tested at 3.5 atm. and other gases were tested at 
10 atm. at 35 . Figure 6.7 demonstrates the change of gas permeability with EDA ℃
cross-linking time. The common trend is that the gas permeability continuously 
decreases with cross-linking time. The d-space of polymeric membrane is generally 
related to its gas permeability and a larger d-space commonly results in a higher 
permeability [193-194] in amorphous polymers.  Therefore, it is meaningful to 
examine the relationship between the d-space and gas permeability as a function of 
cross-linking time. The d-space (6.42 Å) of the 1-min EDA cross-linked 6FDA-durene 
 slightly larger than that (6.37 Å) of the unmodified 6FDA-durene; however, the 
latter has a higher gas permeability than the former (i.e., 55.4 vs. 28.4 Barrers for N2). 
This phenomenon may not instinctively follow the traditional concept established for 
the d-space and permeability relationship. The discrepancy is mainly caused by the 
insertion of EDA cross-linking agents into membranes, which may space apart the 
chains while hindering gas transport [170]. When the cross-linking time is up to 5 min, 
the d-space (6.22 Å) becomes smaller and the gas permeability concurrently decreases 
because the inserted EDA tightens polymer chains and rigidifies thermal motion of 
polymer chains for gas diffusion jumps, which indirectly validates the traditional 
relationships between d-space and gas permeability.  
is
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Figure 6.7 Effect of EDA cross-linking time on gas permeability 
 
The decreasing percentages of various gas permeabilities in 5-min EDA cross-linked 
6FDA-durene follow the order: 97.89% for CH4 (kinetic diameter: 3.80 Å) > 96.54% 
for CO2 (3.30 Å) ≈  96.53% for N2 (3.64 Å) > 94.25% for O2 (3.46 Å) > 85.6% for 
H2 (2.89 Å) > 77.8% for He (2.60 Å). Except CO2, the order of gas permeability 
decrease is well consistent with the order of kinetic diameters of these gases because 
of higher diffusion difficulty for the larger gas molecules in EDA cross-linked 
membranes [1]. In the case of CO2, the deviation may arise from its higher 
polymer-penetrant interactions or the possibility of differing orientations because of its 
anisometric molecules [155]. 
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Figure 6.8 Effect of EDA cross-linking time on selectivity 
Figure 6.8 demonstrates the change of selectivity with EDA cross-linking time. A 
2
A cross-linked 6FDA-durene decreases with thermal 
annealing temperature if the annealing temperature is lower than 200 . Referring to ℃
 
comparison of selectivity shows that all EDA cross-linked samples have the higher 
H2/N2, He/N2, O2/N2 and CO2/CH4 selectivity than those of the unmodified one. For 
example, the He/N  selectivity increased 520% after 5-min EDA cross-linking. The 
impressive selectivity enhancement clearly elucidates that EDA cross-linking can 
effectively modify 6FDA-durene polyimides for He/N2 separation. 
  
The effect of thermal annealing temperature on gas permeability in the 1-min EDA 
cross-linked 6FDA-durene is shown in Figure 6.9. Figure 6.9 indicates that the gas 
permeability in the 1-min ED
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the DSC curve shown in Figure 6.5, the decrease in permeability below around 120  ℃
should arise from the configuration rearrangement of polymer chains or further 
cross-linking. During 120  to 200 , t℃ ℃ he formation of CTCs and the release of EDA 
happen simultaneously. The continuous decrease in permeability between 120  and ℃
200  should be mainly attributed to the CTCs formation and densified membrane ℃
structure. However, after thermal annealing at 250 ℃, the slight permeability increase 
is mainly due to the heavy release of EDA agents which results in an increase in the 
fractional free volume (FFV) for gas transport. The relationship between gas 
permeability and thermal annealing temperature is coherent with XRD results. 
 























Thermal treating temperature (oC)
 
Figure 6.9 Relationship between gas permeability and annealing temperature of 
 the 1-min EDA cross-linked 6FDA-durene 
(the 1-min EDA cross-linked sample without thermal treatment 
is plotted at 35  as a control)℃  
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Figure 6.10 Relationship between selectivity and annealing temperatures of the 
1-min EDA cross-linked 6FDA-durene 
(the 1-min EDA cross-linked sample is plotted at 35  as a control)℃  
 
Figure 6.10 illustrates the selectivity changing with thermal annealing temperature in 
the 1-min EDA cross-linked 6FDA-durene. There are no significant improvements on 
O2/N2 selectivity after thermal treatment. This may be attributed to the close kinetic 
diameters between O2 (3.46 Å) and N2 (3.64 Å). However, He/N2 and H2/N2 
selectivity are obviously improved when the annealing temperature is lower than 200 
 and then slightly decreases when the annealing temperature is up to 250 . The ℃ ℃
cau ity 
variations, ucture and 
EDA release in the cross-linked 6FDA-duren al annealing. In summary, 
all thermal treated samples have higher He/N2, H2/N2, O2/N2 and CO2/CH4 selectivity 









Thermal treating temperature (oC)
se for the up-and-down selectivity pattern is the same as that for permeabil
which is the competition between CTCs formation/densified str
e during therm
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6.3.4 CO2 plasticization resistance of unmodified and modified 6FDA-durene 
 
Plasticization is a phenomenon that describes permeability increase and selectivity 
decrease with feed pressure when the feed consists of highly condensable gases. To 
maintain satisfactory performance in aggressive environments, membranes with 
higher plasticization resistance is vital [38-39, 41, 180]. One of the aims of this study 
is to examine the efficiency of the coupling effects of EDA cross-linking and thermal 
annealing on the plasticization resistance of 6FDA-durene membranes. Therefore, the 
membranes were conditioned with CO2 at different pressures to study the rela ip 
betw  of 
CO2 rel s-linked 
membranes before and after thermal annealing. According to Figure 6.11a, the original 
6FDA-durene exhibits an increase in the relative CO2 permeability when the applied 
pressure is approximately above 300 psia. After 1-min EDA cross-linking, the 
membrane becomes easier to be plasticized compared with the original one and the 
CO2 plasticization occurs when the pressure is just over 110 psia, which is mainly be 
due to the inherent properties of the diamino cross-linking agent and the methanol 
swelling effect [170]. In other words, EDA cross-linking disrupts the rigidity of 
polyimide main chains by producing poly (amic amine) as shown in Figure 6.3 and the 
methanol swelling produces more free volume. However, the further thermal 
annealing on the 1-min EDA cross-linked sample increases the critical plasticization 
pressure. The higher the thermal annealing temperature, the better the achieved 
tionsh
een permeability a s the changend applied pressure. Figure 6.11a demonstrate
ative permeability with its pressures in the 1-min EDA cros
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plasticization resistance is. The combination of 1-min EDA cross-linking and thermal 
nnealing at 250  yields the resultant membranes without showing plasticization up ℃a
to 720 psia (about 50 atm). The impressive performance should be mainly attributed to 
the coupling effect of diamino cross-linking and thermal annealing on the facilitated 
formation of CTCs. The result is consistent with the works of Bos et al. [51], Barsema 
et al. [52] and Krol et al. [53].  
 
Figure 6.11 Effect of applied CO2 pressure on the relative CO2 permeability in EDA  
cross-linked and thermal annealed 6FDA-durene membranes 
(a: 1-min EDA cross-linking and then thermal treatment; b: 5-min EDA cross-linking 
and then thermal treatment) 
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Whether the annealing temperature can be lowered to achieve the same plasticization 
resistance? Figure 6.11b demonstrates the relative permeability change of CO2 with 
the feed pressure in the 5-min EDA cross-linked membranes before and after thermal 
annealing. According to Figure 6.11b, treated at 150  is enough to withstand the ℃
CO2 pressure up to 720 psia (50 atm) without showing any signing of plasticization. 
Therefore, there are two approaches to use EDA as an effective cross-linking agent to 
enhance anti-plasticization properties of polyimide: 1) a shorter EDA cross-linking 
time followed by a higher annealing temperature, or 2) a longer EDA cross-linking 
time followed by a lower annealing temperature.  
 
6.3.5 Mixed gas permeation tests 
 
The results of mixed gas permeations are more appropriate to express the actual 
separation performance. Therefore, mixed gas permeation experiments were 
conducted with a 50:50 CO2/CH4 feed mixture. To compare with the pure gas tests 
which were carried out at 10 atm for each CH4 and CO2 gas, the total pressure for the 
gas mixture is set as 20 atm so that the partial pressures of CO2 and CH4 can be 
appropriately adjusted to 10 atm. Figure 6.12 shows the mixed gas results as well as 
the transport properties of the unmodified 6FDA-durene at 35  for comparison. ℃  
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Figure 6.12 The effects of annealing temperature o
transport properties in 1-min EDA cros
n CO2/CH4 mixed gas and pure gas 
s-linked 6FDA-durene 
(Transport properties of the unmodified 6FDA-durene at 35  are also shown for ℃
comparison: ○ and ☆:mixed gas permeability and selectivity; ● and : pure gas ★
bility and selectivity) 
 
According to Figure 6.12, the CO2 permeability in the mixed gas tests is lower than 
that in the pure gas tests for all tested samples. This phenomenon is consistent with 
other studies [195-197] and can be attributed to the competition from CH4 gas for the 
limited Langmuir sites in a glassy polymer. Similar to the pure gas testing results, 
EDA induced cross-linking decreases CO2 permeability, further thermal treatment 
causes a further reduction on CO2 permeability. It is interesting to point out that the 
CO2/CH4 selectivity of mixed gas tests is higher than that of pure gas tests (even for 
the unmodified 6FDA-durene). A similar phenomenon has been observed by other 
studies [198-199] on different materials. This may arise from the strong 6FDA 
polyimide-CO2 interaction/sorption [200], which diminishes the jumping passages for 
CH4 in membranes and thus hinders CH4 transport. Therefore, the decrease in CO2 
permea
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permeability is less than the decrease in CH4 permeability, which results in an increase 
in CO2/CH4 selectivity in the mixed gas tests. After 1-min EDA cross-linking, the 
difference in CO2/CH4 selectivity between the mixed gas and pure gas permeation 
tests becomes more obvious because of the stronger polymer-CO2 interaction from the 
EDA cross-linking produced amide groups.  
 
To prove the enhanced interactions between CO2 and secondary amine in polyimides 
after EDA cross-linking, FTIR-ATR measurements were carried out on the original 
2
atm ts 
were characterized by FTIR ate 45 min after taking out. 
It is found that there is CO2 residue (peak at 2338 cm-1) in the 1-min/5-min EDA 
cross-linked 6FDA-durene conditioned by CO2 at 35 atm. However, there is no CO2 
residue in the CO2 conditioned unmodified 6FDA-durene. This clearly elucidates that 
the stronger interaction between CO2 and secondary amine delays the release of CO2 
from the EDA cross-linked 6FDA-durene. In dry CO2 conditions, the interaction 
between CO2 and secondary amine seems to be physical force because the CO2 peak 
(2238cm-1) disappears when the EDA cross-linked 6FDA-durene is tested at 12 days 
after CO2 conditioning. This force may be arisen from the increased polarity in 
polyimides after amine modification [171]. Because of CO2 polarity characteristics, 
the increased polarity in EDA cross-linked polyimides induces the stronger interaction 
(physical force) between CO2 and polymers. After thermal annealing up to enough 
and EDA cross-linked 6FDA-durene. All samples were conditioned in dry CO  at 35 
. about 24 hrs in permeation cells, and then the surface chemical environmen
-ATR at the point of approxim
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higher temperatures, the amide groups decrease and imide groups increases (proved 
by XPS and FTIR-ATR). The strong amide-CO2 interactions and sorption advantages 
are reduced so that the CO2/CH4 selectivity for mixed gas and pure gas tests decrease. 
In summary, The EDA induced cross-linking on 6FDA-durene can be more effective 




The following conclusions can be made: 
1. The reaction mechanisms during the EDA induced cross-linking and the release of 
EDA during thermal annealing have been proposed based on the chemical 
characterization by XPS and FTIR-ATR. Besides, physical characterization by 
DSC, UV and XRD confirm the changes. 
2. The EDA cross-linking can effectively decrease the permeability and increase the 
selectivity of polyimides. The gas transport properties of the EDA cross-linked and 
then thermally treated polyimides show high selectivity for He/N2 and H2/N2 
separations.  
3. The EDA modified and then thermally treated polyimide can stand as high as 720 
psia (50 atm) CO2 pressure due to the facilitated CTCs formations. The 
plasticization resistance of polyimides can be practically achieved by 1) a shorter 
EDA cross-linking time followed by a higher annealing temperature, or 2) a longer 
EDA cross-linking time followed by a lower annealing temperature. Both of the 
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two approaches show that EDA as a cross-linking agent has more efficiency in the 
aspects of shorter cross-linking time and lower treating temperatures. 
6. Mixed gas (CO2:CH4=50%:50%) permeation tests illustrate that the CO2/CH4 
selectivity of mixed gas tests is greatly higher than that of pure gas tests in the 
EDA cross-linked polyimide. The reason may be due to the strong interactions 
between CO2 and secondary amine produced by the EDA cross-linking, which is 
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CHAPTER SEVEN: THE EVOLUTION OF PHYSICOCHEMICAL AND 





because of the exce  corrosive environments 
01-203], superior selectivity and permeability [204-205]. Depending on pore size, 
ifferent transport and separation mechanisms through carbon membrane may prevail 
hich include molecular sieve, selective adsorption/surface diffusion, 
ondensation/capillary condensation and Knudson diffusion [89-90]. Typical factors to 
ontrol the pore size are 1) chemical compositions of polymeric precursors, 2) 
retreatments on polymeric precursors, 3) heating rates during pyrolysis, 4) final soak 
mperature and time, and 5) post-treatments on carbon membranes [205-210]. 
owever, the chemical composition of the polymeric precursor has been considered to 
lay the most important role for the final performance of the derived carbon membrane. 
 various polymeric precursors, aromatic polyimides have received significant 
ttentions for fabricating carbon membranes to separate gas mixtures.  
ost previous studies have used commercial polyimides (such as Kapton, Matrimid, 
84 and Ultem) as precursors for carbon membrane fabrications [202, 206, 211-215]. 
 is known that 6FDA-type polyimides may have impressive gas separation property 
MEMBRANES; FROM POLYMER, INTERMEDIATE TO CARBON 
t years, carbon membranes have shown the importance for gas separation 
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 6FDA-polyimides at elevated temperatures will definitely affect the formation of 
arbon membranes and their pore sizes. However, only very few studies utilized 
ay start 
ng treated at these temperatures for a long period time [52]. 
g
g
use of their rigid primary structures with bulky groups of (CF3), which tend to n
inhibit efficient packing of polymer chains but also reduce local segmen
ity [167, 170]. The kinetics and dynamics of the release of the heavy -CF3 gro
in
c
6FDA-type precursors to fabricate carbon membranes [205, 207].  
 
There is an intermediate stage during carbon membrane fabrication, in which the 
decomposition of polymeric precursors starts but the carbon structure is not formed yet. 
The intermediate stage from a polymeric state to a carbon state is vital for the pore 
formation of a carbon membrane and its separation performance. In other words, the 
evolution of micro or meso porous structure in carbon membranes is strongly 
determined by the transformation mechanisms from an amorphous polymer to an 
ordered structure via thermal degradation, chain rearrangement, carbonization and 
graphitization. However, most studies have ignored the intermediate stages, and 
mainly paid attention to the resultant carbon membranes.  
 
Usually the intermediate stage occurs at 400-500  because most polymers m℃
exhibit instability after bei
Recently, Barsema et al. [52] have studied the intermediate stage based on the 
Matrimid precursor which has a T  (325 ) far below 400 . The purpose of this ℃ ℃
study is to investigate the intermediate stage for a fluoro-polyimide which has a T  in 
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the temperature range for the formation of the intermediate structure. This is due to the 
fact that stiffness, modulus, chain mobility and fractional free volume of polyimides 
all undergo drastic changes at Tg, the simultaneous variations of material softening, 
thermal expansion, and thermal degradation may provide us with an insight to reveal 
their roles on carbon membrane formation.      
 
In this study, 6FDA-durene (Tg: 425 ) is employed as a polymeric precursor to study ℃
the properties of membranes from polymeric, to intermediate and further to carbon 
stages. The degradation of 6FDA-durene is monitored by TGA-FTIR, and the resultant 
membranes are characterized by FTIR-ATR, XRD and thickness measurements. Gas 
transport properties of various stage membranes after thermal treatments are studied 




7.2.1 Membrane preparations 
 
6FDA-durene was synthesized in our laboratory and the details of synthesis had been 
described elsewhere [45]. The dense film preparation followed the same procedure 
described in [74]. After controlled evaporation of 6FDA-durene/dichloromethane 
solutions, the nascent films were dried in vacuum at 250 °C for 24 hrs to remove the 
residual solvent. Polyimide films with thickness of 50 ±  5 µm were used. 
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7.2.2 Annealing and carbonization procedure 
 
The thermal annealing was performed by a Centurion™ Neytech Qex vacuum furnace. 
The 6FDA-durene membranes were treated under vacuum (about 35 mmHg). The 
membranes were held at 50 °C about 30 min to remove the absorbed moisture, and 
en heated to different temperatures (from 325 °C to 800 °C). The heating rate was 3 
n. After natural cooling, the membranes were 
mediately taken out for permeation tests. 
th
°C /min below 400 °C which was close to Tg (425 °C) of 6FDA-durene. To study the 
effect of material physical properties on the performance of intermediate and 
carbonized membranes, different heating rates (3 °C /min: P1 or 1 °C /min: P2) were 
choosen when the temperature was above 400 °C. The detailed procedures were 
plotted in Figure 7.1. At the final temperatures, the membranes were held with 60 min 






























Figure 7.1 Thermal treating protocols 
a) protocol 1 (P1), b) protocol 2 (P2) 
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7.2.3 Transport property measurements of membranes  
 
The pure gas permeability was determined by a constant volume and variable pressure 
method. The permeability was measured in the sequence of He, H2, O2, N2, CH4 and 
CO2 at 35°C for membranes treated below 400 °C. For membranes treated above 400 
°C, the sequence is He, H2, N2, CH4, CO2 and O2 at 35 °C.  O2 was the last gas tested 
because the possible carbon surface exhibited strong affinity to O2 even at room 
temperature [207, 216]. The upstream pressure was 3.5 atm. for He and H2 and 10 atm. 
for other gases. The gas permeability was determined from the rate of 
downstream-pressure increase (dp/dt) obtained when permeation reached steady state 
according to the following equation: 











           
where P is the permeability of a membrane to a gas and its unit is in Barrer (1 Barrer 
= 1 × 10-10cm3 (STP)-cm/cm2 sec cmHg), is the volume of the downstream 
chamber (cm3), is the film thickness (cm). 
V
L  A  refers to the effective area of the 
membrane (cm2), T  is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by (psia). 
 





P=α                                  (7-2) 
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7.2.4 Characterization of treated membranes 
 
TGA-FTIR was applied to characterize 6FDA-durene decompositions. The weight 
loss during decompositions was monitored by a TGA 2050 Themogravimetric 
Analyzer (TA Instruments). The analysis was carried out with a ramp of 3 oC /min or 1 
oC /min according to the heating treatment procedure from 50 to 900 oC. The purge 
gas was N2 with a flow of 20 ml /min. With the aid of N2 flowing, the exhausted 
products from TGA were flushed through a transfer line to gas cell of a Bio-Rad 
FTS-3500 FTIRT spectrometer. The temperature of transfer line and gas cell was 
maintained at 150 oC to prevent condensation of the windows. The exhausted products 
were analyzed in a gas cell and the IR spectra were obtained by a KBr beam splitter. 





measure Tg of pure 6FDA-durene. A Brukel 
ide-angle X-ray diffractometer (Bruker D8 advanced diffractometer) was performed 
6FDA-durene membranes at room temperatur
t of 0.02°. Ni-filtered CuKα radiation with a 
-FTIR, the d urene can be recorded.  
The FTIR-ATR measurements were performed using a Perkin Elmer FT-IR 
Spectrometer Spectrum 2000. The treated mem anes were dried at 50 °C overnight, 
and then FTIR-ATR spectra were recorded or treated membranes. DSC of 
6FDA-durene mem rane was performed on DSC 822e (Mettler Toledo) with a heating 
rate of 3 °C/min in N2 environments to 
w
to quantitatively measure the ordered dimension and inter-chain spacing of pure 
e. The measurement was completed in a 
certain scan range with a step incremen
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wavelength of λ=1.54 Å was used in the experiment.  
ediate 
ructure to carbon molecular sieve with the further increase in treating temperatures. 
 
7.3 Results and Discussion 
 
7.3.1 The evolution of physicochemical properties of 6FDA-durene during 
carbonization 
 
Figure 7.2 shows the weight loss and derivative of weight loss (decomposition rate) as 
a function of temperature during the thermal degradation of 6FDA-durene membrane 
in nitrogen atmosphere. The starting point for 6FDA-durene to lose weight in N2 is 
around 400 . This suggests that 6FDA℃ -durene may start to change its amorphous 
state to an intermediate state at 400-500 , and then slowly transfer the interm℃
st
The degrees of weight loss are different for different heating protocols (P1 and P2). 
Because P1 protocol has a faster heating rate than P2 (i.e., 3 /min vs. 1 /min), the ℃ ℃
former shows a slower weight loss compared to the latter. If the temperature 
corresponding to 5% weight loss is defined as the degradation temperature (Td), the Td 
for P1 and P2 protocol are 496  and 479 , respectively. In addition, the residual ℃ ℃
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FDA-durene experiences a two-stage decomposition in nitrogen atmosphere. The 
ecomposition rate starts to increase at about 400 , and reaches the max℃ imum at 531 
 
Figure 7.2 Residual weight and decomposition rate vs. temperature 
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 and 509  for P1 and P2 protocols, respectively, and then decreases again. ℃
Although the decomposition rate continuously decreases after the maximum value, a 
second stage of decomposition is shown between 570  and 600  as the shoulder of ℃ ℃
the first stage. Even up to 900 , the decomposition process still exists. ℃  
 
℃






3000 2500 2000 1500 1000
Other F bond
      1025
CHF3
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Figure 7.3 a) FTIR spectra of released gases at 350 and 531  and b) the evolution ℃ ℃
of specific spectra’s intensity during 6FDA-durene decomposition under P1 protocol 
 
Figure 7.3a shows the FTIR spectra of gases evolved at 350 and 531  from the ℃
degradation of 6FDA-durene under the P1 protocol, while Figure 7.3b displays the 
evolution of the intensity of each specific wavelength as a function of temperature. 
Because rate CO2 
nd H2O peaks, the discussion on CO2 and H2O is excluded. However, consistent with 
of instrument’s lim lties to fully sepaitation, our system has difficu
a
other researchers [175, 217-218], we noticed that CO2 and H2O are the common 
released gases during polyimide decomposition. At the maximum decomposition point 
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(531 ), Figure 7.3a indicates that the released gases include C℃ -H (vibrations at 3025 
cm-1), CO (at 2176 and 2025 cm-1), CHF3 (at 1151 cm-1) and the possible other bonds 
including F (at 1025 cm-1). The CHF3 arises from the CF3 radicals, which extract 
hydrogen from aromatic rings and methyl groups in 6FDA-durene. CO is produced by 
e onset homolytic rupture of C-N imide ring, which generates the phenyl C-O and 
amide radicals [218]. According to Figure 7.3b, the CHF3 (1151 cm-1) was released 
firstly at about 450 °C, and followed by CO (2176 cm-1) and the gas possessing C-H 
bond (3025 cm-1) at about 500 °C. The last released one is the gas with a peak at 1025 
cm-1 starting at about 515 °C. The first release of CHF3 suggests that the incorporation 
of 6FDA group into polyimides can improve polyimide performance in terms of higher 
solubility and gas separation performance, but its side effect is to lower thermal 
stability. This finding is coincident with Krishnan’s observation [219].  
 
are shown in Figure 7.4. No visible changes can be observed between 250  to 450 ℃
th
The FTIR-ATR spectra of membranes treated under the P1 protocol at various stages 
. The imide characteristics peaks (C=O asymmetric stretch at 1786 cm℃ -1, C=O 
symmetric at 1716 cm-1 and C–N stretch of imide groups at 1351 cm-1) stay intact. 
However, the spectra exhibit remarkable changes when temperature is raised above 
450 . ℃ The higher the heat treatment temperature, the lower the imide group intensity 
is, indicating a significant change in 6FDA-durene chemistry occurring during the 
intermediate (400℃-500 ) stage. The entire imide group characteristic peaks at ℃
1716/1786 cm-1 may disappear when the heat treatment temperature is greater than 
- 138 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 






Figure 7.4 FTIR-ATR spectra of membranes treated at different temperatures by P1  
a) between 250 and 425 °C, b) between 450 and 600 °C 
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With the aid of Figure 7.3b, it is safe to say that the scission of CF3 dominates in the 
termediate (400℃-500 ) stage, while the degradation and transformation of imide ℃
groups dominate in the early stage of the carbonization stage (500℃-1000 ). ℃
However, the above conclusion is also dependent on the heating rate. Figure 7.5 
compares the FTIR spectra at 475  and 500  for membranes treated under ℃ ℃
different protocols. It clearly illustrates that a slower heating rate (P2) results in a 
faster change in membrane chemistry. The imide peaks almost disappear for the 
membrane treated at 500  under the P2 protocol.℃  
 
Figure 7.5 Comparison of FTIR-ATR spectra of membranes treated at 475  and 500 ℃
 by P1 and P2 protocols℃  
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Figure 7.6 XRD spectra of m fferent temperatures by P1 protocol 
 
Figure 7.6 shows the XRD spectra of various stages-treated membranes and compares 
the d-spaces of polymeric, rbon membranes. The intermediate 
membrane which is thermally treated at 450  has a slightly larger d℃ -space than that 
of polymeric membranes (i.e., 6.43 vs. 6.37 Å). The larger d-space value for the 
intermediate membrane is possibly from the increased chain mobility and 
configurational ad ent a r h atment at 550  ℃ leads to a 
significant decrease in the d-space value to 3.96 Å because of the carbonization. 
Double peaks occur at 3.60 Å and 2.05 Å after thermal treatment at 800 . The ℃
implies a considerable chain ction of pores size for gas 
transport with an increase in carbonizing temperature. The 3.60 Å peak indicates that 
embranes treated at di
intermediate and ca
justm round Tg. A furthe eat tre
continuous decrease in d-space from the intermediate membrane to carbon membrane 
rearrangement and a redu
- 141 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
the membrane becomes closer to graphite because the crystalline peak for graphite is 
located at 3.35 Å. Besides, the 2.05 Å peak is close to the d-space (2.1 Å) in the (100) 
plane of graphite. Clearly, the resultant carbon membrane has a graphite structure even 
though it is not fully graphitized.  
 




















Figure 7.7 demonstrates the evolution of membrane thickness during the pyrolysis. It 
clearly shows that the thickness changes greatly with process temperature and 
indicates the none-equilibrium nature of 6FDA-durene membranes during heating.  
Even before reaching the Tg of 6FDA-durene (425 ), the thickness has already ℃
increased, which is attributed to the thermal expansion and an increase in chain 




Thermal Treatment Temperature (oC)
Figure 7.7: Thickness variation vs. thermal treatment temperature (under P1 protocol) 
Thickness variation = (L -L ) / L  x 100% 
L1: Thickness before heating; L2: Thickness after heating 
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around 450  (approximately 25  above T℃ ℃ g). This indicates that the chain mobility 
seems to reach the maximum value under this condition, and a further increase in 
temperature favors carbonization than enhancing chain mobilization. Therefore, the 
membrane thickness decreases continuously with increasing temperature. The 
ickness variations reflect the rearrangement and adjustment of membrane structures 
with the release of degraded products and the formation of ordered structures in the 
intermediate and carbonization temperature ranges.   
 
In summary, the evolution of physicochemical properties of 6FDA-durene membranes 
during carbonization consists of the following stages: 
1. Below 400 , an amorphous and stable structure. ℃  
2. 400  to 450 , a thermally expanded intermediate structure with a slightly ℃ ℃
increased d-space, consisting of intact imide with a trace amount of weight loss 
because of thermal degradation of CF3 groups. 
degraded i ing to higher 
degradation rates. 
4. 500  to 550 , a preliminary carbon membrane structure having the maximum ℃ ℃
decomposition rates. 




3. 450  to 500 u nsisting of thermally ℃ ℃, an intermediate membrane str cture co
mide groups and a decreasing membrane thickness ow
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ord ility for all membranes follows this sequence: CH4 (kinetic 
igure 7.8 Gas permeability vs. thermal treatment temperature (under P1 protocol) 
 
Figure 7.8 demonstrates the relationship between gas permeability and heating or 
olysis temperature for membranes thermally treated under the P1 protocol. The 
er of gas permeab
diameter: 3.80 Å) < N2 (3.64 Å) < O2 (3.46 Å) < He (2.6 Å) < CO2 (3.30 Å) ≤  H2 
9 Å). Except for H(2.8 2 and CO2 gases, the increasing order is consistent with 
mec ene polymeric, intermediate and derived carbon membranes 
ay follow the solution diffusion mechanism in the beginning then toward the 
decreasing kinetic diameter of gas molecules. This implies that the separation 
hanism in 6FDA-dur
m
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molecular sieve mechanism. Although the separation mechanism may possibly be 
others such as Knudsen diffusion, surface diffusion /selective adsorption and 
ondensation/capillary condensation, the abidance to molecular sieve mechanism for 
the 6FDA-durene derived carbon membranes indicates that the pore sizes created by 
the release of heavy –CF3 and other components in 6FDA-durene during carbonization 
are not large enough and suitable for other transport mechanisms.  The higher 
permeability of H2 over He may be due to the solubility reason [179] (i.e., H2 has a 
higher solubility than He). Moreover, the molecular linearity [151, 179, 220] and 
superior sorption capability of CO2 has governed its high permeability.  
 
The maximum percentage increase in H2, CO2 and He permeability are 1519%, 1138% 
and 735%, respectively occurring at around 550 , which is in the early stage of ℃
ca 6 
Å, which is still large enough for the transportation of smaller size gases such as H2 
 
c
rbonization. The carbon membranes treated at this temperature has a d-space of 3.9
(kinetic diameter: 2.89 Å), CO2 (3.30 Å) and He (2.60 Å). However, the maximum 
percentage increases in O2, N2 and CH4 permeability do not happen at 550  but at ℃
475  with incre℃ ased values of approximately 934%, 581% and 654%, respectively. It 
is worthy to point out that this temperature (475 ) is 50  higher than the T℃ ℃ g (425 
) of 6FDA℃ -durene and is located at the later stage of the intermediate structure 
formation.  The causes of the maximum increases for O2, N2 and CH4 permeability at 
475  may be related to the larger d℃ -space and the thermally expanded structure, as 
suggested by Figures 7.6 and 7.7, respectively. Interestingly there is another peak for 
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O2, N2 and CH4 permeability at 550 . This second peak for O℃ 2, N2 and CH4 
permeability may be due to the accelerated decomposition of 6FDA-durene at 550  ℃
because the maximum decomposition rate takes place at 531  as evidenced in TGA ℃
measurements (Figure 7.2a).  
 
The causes for the double peak phenomenon for O2, N2 and CH4 permeability are 
complicated and may be explained as follows. Between 475  and 550 , the release ℃ ℃
of degraded components may result in an increase in pore number as well as a 
decrease in interstitial space because of chain rearrangement and carbonization. The 
rmer favors high permeability, while the latter reduces d-space and permeability. The fo
two factors take place simultaneously and compete with each other. Because the flows 
of medium-size gases are more sensitive to the pore sizes, the competitive effects are 
more manifested for the transportation of medium-size gases such as O2, N2 and CH4 
than small-size gases such as H2, CO2 and He.  However, after 550 , all gases show ℃
the decrease in permeability with an increase in pyrolysis temperature. The decrease in 
gas permeability with pyrolysis temperature indicates that the created pores shrink and 
the carbon structure rearranges to become denser, which are consistent with the 
d-space decrease and the graphite formation as XRD and thickness tests have shown.  
 
Besides, the carbon membranes derived from 6FDA-durene at 800  have much ℃
higher permeability and higher (CO2/CH4) selectivity (selectivity will be discussed 
later) than those derived from Matrimid processed at the same temperature [212]. This 
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may be due to many factors; 1) the decomposition of 6FDA-durene is faster than 
Matrimid because of the easy release of -CF3 groups as indicated by TGA (data not 
shown here), 2) the uniform embedding of -CF3 units in 6FDA-durene structure may 
result in a carbon membrane with a better pore interpenetration and pore distribution, 
nd 3) the higher Tg of 6FDA-durene provides higher chain rigidity which prevents 
arbon membranes, the ideal selectivity of He/N2 and CO2/CH4 increases impressively 
a
pore collapses in the immediate stage. Therefore, even though the d-space values of 
carbon membranes derived from 6FDA-durene and Matrimid are very similar 
(3.60/2.05 Å vs. 3.61/2.06 Å) [212], carbon membranes derived from 6FDA-durene at 
800  have superior permeability and (CO℃ 2/CH4) selectivity to those derived from 
Matrimid. 
 
Clearly the superior physicochemical characteristics of the 6FDA-durene precursor 
such as d-space, glassy temperature, chemical composition are the key elements to the 
development of the excellent transport performance of 6FDA-durene derived carbon 
membranes. 
 
Figure 7.9 illustrates the evolution of ideal selectivity with process temperature under 
the P1 heating protocol. Overall speaking, converting from polymeric membranes to 
c
from 8.84 to 79.9 and from 13.6 to 137, respectively. Interestingly, but not surprisingly, 
there are two dips in the selectivity vs. process temperature relationship; one is at 
around 450 , the other is around 550 . The first one should be attributed to the ℃ ℃
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enhanced chain mobility and d-space at 450 , whereas the other one is owing to the ℃
maximum decomposition rates occurring at 531 , as previously discussed.℃  However, 
after 550 , the selectivity of most gas pairs increases with temperature, indicating ℃
the molecular sieve mechanism is dominant in these carbon membranes and better 
graphite-type structures are formed.  
 

















Figure 7.9 Ideal selectivity vs. thermal treatment temperature (under P1 protocol) 
 
7.3.3 A performance comparison between thermally treated 6FDA-durene carbon 
membranes and the upper bound data  
 
Figure 7.10 shows a comparison of transport properties between the thermally treated 
6FDA-durene and the upper bound literature data derived from polymeric membranes. 
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The transport properties of 6FDA-durene membranes treated at 425  is still ℃
comparable to the original one (250 ), both are located below the upper bound of ℃
polymeric materials. Interestingly, the transport properties surpass the trade-off line if 
thermal treatment is conducted at 450 . After that, a higher temperature results in ℃











(3 °C  trade-off line. The P2 protocol 























Figure 7.10 A comparison of transport properties with upper bound polymeric 
materials (under P1 protocol) 
 
Figure 7.11 compares the transport properties of carbon membranes prepared under P1 
/min) and P2 (1 °C /min) protocols with the
p
temperatures. This is due to the fact that the P2 protocol has a slower heating rate than 
P1. Thus, it takes a longer time for a 6FDA-durene membrane to reach a specific 
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temperature under the P2 protocol. As the membrane undergoes a longer period of 
decomposition with a slower heating rate, it has a better structure and higher 
separation performance. However, when the final temperature is elevated to 800 , ℃













Figure 7.11 A comparison of transport properties between membranes prepared 
by P1 and P2 protocols  
Robeson's Upper Bound




















The following conclusions can be drawn from this chapter: 
1. The physicochemical properties of membranes derived from the high Tg precursors 
are thoroughly characterized. The results indicate that the intermediate stage 
membranes exhibit remarkable changes in chemical compositions above 450  ℃
and various gases released during degradations, namely CHF3 at around 450 , ℃
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CO and C-H at 500 ,℃  and other gas including F at 515 .  Besides, the d℃ -space 
and thickness of membranes show the initial increase in the intermediate stage but 
subsequently decrease especially in the carbon stage. 
2. For P1 treated membranes, the maximum permeability for light gases (H2, He and 
CO2  
decom s (O2, N2 
3. perature around 450  results in the ℃
membranes with gas transport properties surpassing the trade-off line. The carbon 
membranes pyrolyzed by different heating rate (1 /min and 3 /min) show ℃ ℃
different transport performance at low pyrolysis temperatures. However, at high 
t 







) occurs in the carbon stage (around 550 ), which is due to the accelerated℃
position. However, the maximum permeability for medium gase
and CH4) happens in the intermediate stage (around 475 ), which should be ℃
attributed to the increased chain mobility around the high Tg. Besides, the ideal 
selectivity generally shows double dips for the similar reasons. 
Heat treatment at intermediate-stage tem
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C










var fferent interactions 
ithin polymer chains, but also result in different phase inversion processes during the 
brication. Therefore, membranes prepared by different solvents may have different 
orphologies and performance [223-226]. Kolonits and Kolloid illustrated that the 
ellulose acetate films cast by ethyl acetate had a dense honeycomb-like structure; 
owever, the films cast by chloroform exhibited fine granular structures [223]. Khulbe 
t al studied the solvent effects on PPO membranes and found membrane morphology 
hanging with solvent physical properties [224]. They performed additional studies 
HAPTER EIGHT: CASTING SOLVENT EFFECTS ON MORPHOLOGIES, 
GAS TRANSPORT PROPERTIES OF A NOVEL 6FDA/PMDA-TMMDA 
OLYIMIDE MEMBRANE AND ITS DERIVED C
 
 Introduction 
mbranes have been efficiently and economically used in gas separation over the 
t decades [221-222]. Amongst the various membrane materials used for gas 
arations, polyimides show impressive potential in terms of indu
their high gas permeability, high intrinsic permselectivity and excellent physical 
racteristics in comparison to polycarbonate, polysulfone and other materials [170].  
 gas transport properties of polymeric membranes depend on many external factors. 
 of them is the choice of solvents for membrane fabrication. Since solvents have 
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post-treatments of membranes in various solvents at different temperatures can induce 
 have an effect on membrane diffusion properties [227-229].  
nd observed that different solvents induce different PPO crystalline structures [225].
 et al. showed that imidization not only changed dope solution characteristics 
o affected membrane morphology [226]. Experiments also showed tha
crystallization and
 
The crystalline portion in polymers is gas impermeable because of the reduced free 
volume available for gas transport. Weinkauf and Paul [220] have reviewed the effects 
of structural order on gas barrier properties. Michaels and Bixler [155] found that the 
diffusivity and permeability were strongly dependent on the level of crystallinity and 
decreased with an increase in the crystallinity of polypropylene membranes.   
 
Recently we have studied a novel fluoropolyimide synthesized from 6FDA and PMDA 
(pyromellitic dianhydride) - TMMDA (tetramethylmethylenedianiline). This type of 
materials is chosen because PMDA-based polyimide membranes usually show good 
gas transport properties but have poor solubility in common solvents [42, 113]. 
Traditionally, PMDA-based polyimide membranes are prepared by the thermal 
imidization method. The drawback of thermal imidization for membrane preparation is 
its difficulties to be practiced industrially compared with the chemical imidization 
method. One strategy to improve the solubility of PMDA-based polyimides is to 
copolymerize with other dianhydrides during the synthesis. In this study, 
6FDA/PMDA-TMMDA copolyimides are synthesized to 1) improve the solubility of 
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PMDA-based polyimides because the 6FDA-based polyimides have higher solubility 
in common solvents and 2) improve gas separation properties because of the bulky 
structure of C(CF3)2 [113, 158]. Surprisingly, this copolyimide displays strong solvent 
induced crystallization. To our best knowledge, there is no report on this phenomenon 
for fluoropolyimides. Therefore, the first focus of this work is to investigate the 
lvent effects on the morphology and gas transport properties of 
rolyzed 
to carbon molecular sieve membranes (CMSMs) and to define the effects of 
so
6FDA/PMDA-TMMDA polyimide membranes. Polarized microscopy (PLM), XRD 
and FTIR-ATR were used to characterize the membrane morphology cast from 
different solvents. The relationship among the solvents, morphology and gas transport 
properties of 6FDA/PMDA-TMMDA membranes were discussed. The second focus of 
this work is to study how membranes with different morphologies could be py
in
precursor’s morphology on CMSMs performance. So far, most CMSMs were prepared 
from the pyrolysis of dense or asymmetric membranes [216, 230-235]. To our best 
knowledge, no study has been performed on the effects of polymeric precursor 
morphology with partial crystallinity on the gas transport properties of CMSMs.  
 
8.2 Experimental  
 
8.2.1 Materials  
 
6FDA/PMDA-TMMDA and 6FDA-TMMDA were synthesized and provided by Dr. 
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Glen Wensley.  Their chemical structures are shown in Figure 8.1. The inherent 
viscosity (IV) of 6FDA/PMDA-TMMDA is 0.628 (in NMP). Analytical grade 
dichloromethane (CH2Cl2), N,N-dimethylformamide (DMF) and 
1-methyl-2-pyrrolidinone (NMP) solvents are used as received. Whatman
 
@ 1µm and 5 
µm filters are used. 
 
6FDA:       2,2-bis (3,4-dicarboxylphenyl ) hexafluoropropane    dianhydride
PMDA:      pyromellitic dianhydride 
TMMDA:   tetramethylmethylenedianiline 


































Figure 8.1 Chemical structures of the 6FDA/PMDA-TMMDA (top)  
and 6FDA-TMMDA (bottom) polyimide 
 
8.2.2 Membrane preparations 
rior to use, the raw material was dried overnight at 120°C under vacuum. A 2% (w/w) 
was prepared by dissolving the dried material in the solvent. The 





properties) and cast onto a silicon wafer plate. Membranes cast from the 
- 155 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
copolyimide/CH2Cl2 solutions were dried into films at room temperature, while those 
from the copolyimide/NMP or DMF solutions were dried into films at 50 °C with or 
without vacuum. The detailed casting conditions are listed in Table 8.1. After the 
controlled evaporation, the nascent films were dried in vacuum at 250 °C for 48 hrs to 
remove the residual solvents. Finally, membranes were prepared for testing and 
haracterization. 
 
Table 8.1 Casting conditions and physical properties of 6FDA/PMDA-TMMDA (PI) 




















The inherent viscosity of the 6FDA/PMDA-TMMDA polyimide was determined 
according to the ISO/DIS 3105 and ASTM D2515/D466 methods using an Ubbelohde 
viscometer (Schott Gerate, Mainz, Germany) at 25 °C. 0.25 g solid polymer was 
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dissolved in 50 ml NMP and time was recorded by the instrument. The calculation is 
as follows: 
CttLninh )/( °=η                                            (8-1) 
where, t  is the flow time of the solvent (NMP ), °t  is the flow time of the solution, 
C is the sample concentration in g / dL. 
 
A polarizing light microscope (Olympus BX50) was used to characterize membrane 
m  
temperature. A Brukel wide-angle X-ray diffractometer (Bruker D8 advanced 
diffractometer) was performed to quantitatively measure the ordered dimension and 
interchain spacing of membranes at room temperature. The d-spacing values indicate 
the average spacing of chain center in a polymer matrix.  The measurement was 
completed in a certain scan range with a step increment of 0.02°.  Ni-filtered Cu Kα 
radiation with a wavelength of λ=1.54 Å was used in the experiment. The average 
d-spacing was determined based on the Bragg’s law.  
orphology by placing the specimens on a heating stage (Linkam THMS-600) at room
2 sinn dλ θ=                               (8-2) 
where d is the dimension spacing, θ is the diffraction angle, λ is the X-ray wavelength 
r (1, 2, 3…). and n is an integral numbe
 
The FTIR-ATR measurements were performed using a Perkin Elmer FT-IR 
Spectrometer Spectrum 2000 to characterize chemical compositions of films cast from 
different solvents. The scan range was from 4000 cm-1 to 600cm-1.The samples were 
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dried overnight under vacuum at 120 °C before measurements. 
 
The gas equilibrium isotherms for N2, CH
N2 f 0 psia. (0 atm.) to 350 psia. (24.8 atm.). The 
icrobalance was first calibrated with every individual gas as a function of pressure. 
nstruments) was employed to 
characterize the weight loss of carbon mem
w rate was controlled at 20 ml/min.  
4 and CO2 gases were measured at 35°C 
using a Cahn D200 microbalance sorption cell. The gas was tested sequentially from 
, CH4 and CO2 over a pressure range o
m
Then approximately 100 mg of polymeric films were placed on the sample pan. The 
system was evacuated for 24 h prior to test. A chosen gas at a specific pressure was fed 
into the system and the polymer sample started to sorb the gas until the equilibrium 
was reached. From the weight gained, the amount of gas dissolved in the polymer was 
calculated after correction for buoyancy. Subsequent experiments at higher pressures 
were carried out by repeating the procedures of gas feeding from the reservoir to the 
sample cell and weight monitoring without vacuuming the system again. 
 
A TGA 2050 Themogravimetric Analyzer (TA I
branes during pyrolysis. The analysis was 
carried out with a ramp of 10 °C/min at temperatures ranging from 50 to 900 °C.  The 
purge gas for balance was N2 and its flo
 
8.2.4 Measurements of gas transport properties  
 
The pure gas permeability was determined by a constant volume and variable pressure 
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method. Detailed experimental designs and procedures have been reported elsewhere 
.  The permeability was measured in the sequence of He, H2, O2, N2, CH4 and [74]
CO2 at 35°C for polymeric membranes. For carbon molecular sieve membranes 
(CMSMs), the sequence is He, H2, N2, CH4, CO2 and O2 at 35 °C.  O2 was the last gas 
tested because carbon surface exhibited strong affinity to O2 even at room temperature 
[216, 230]. The upstream pressure was 3.5 atm for He and H2 and 10 atm for other 
gases. The gas permeability was determined from the rate of downstream-pressure 









10273 10                      (8-3)
where 
⎢⎣⎤⎡ × dtp 76760 2             
P is the permeability of a membrane to a gas and its unit is in Barrer (1 Barrer 
= 1 × 10-10cm3 (STP)-cm/cm2 sec cmHg), V is the volume of the downstream 
ham 3), is the film thickness (cm)ber (cm L  . A  c refers to the effective area of the 
membrane (cm2), T  is the experimental temperature (K) and the pressure of the feed 
gas in the upstream chamber is given by 2p (psia). 
 




P=α                                 (8-4) 
the following equation: The apparent diffusion coefficient was calculated by 
θ6
2LDapp =                                 (8-5) 
where the unit of Dapp is cm2/s. 
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e final pyrolysis temperature was 
ached in several steps: the polymer films were heated to 250 ºC from room 
different temperatures by different protocols.  The detail
pleting a 






0.2 ºC/min Soak for 2h
(c)
Figure 8.2 Pyrolysis protocols (a) 550 , (b) 650  and (c) 800 . ℃ ℃ ℃  
 
The pyrolysis was performed by a Centurion™ eytech Qex vacuum furnace, where 
polymer precursors were placed on the wire meshes and carbonized under vacuum.  
The pyrolysis temp ratures of 550 °C, 650 °C and 800 °C were used in the preparation 
of carbon membranes for this study.  Generally, th
re
temperature at a rate of 13 ºC/min. Subsequently, the temperature was raised to 
ed pyrolysis protocol is 
illuminated in Figure 8.2. The final temperature was held for 2 hr.  After com
led slowly in the vacuum furnace to room 
- 160 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
8.3 Results and Discussion  
 
8.3.1 6FDA/PMDA-TMMDA membranes cast from different solvents 
 
Table 8.2 Solubility parameters of 6FDA/PMDA-TMMDA and solvents 
 
 
The casting conditions and physical characteristics of membranes are shown in Table 
8.1. The 2 2  
hows that the PLM pictures of 6FDA/PMDA-TMMDA polyimide 
 copolyimide/CH Cl  solution produced transparent membranes with a
yellowish color. Initially, films cast from the copolyimide/DMF or NMP solutions 
were dried at 50 °C in an oven without vacuum. However, it was impossible to prepare 
continuous membranes under this condition because of the splitting of films. To avoid 
the splitting and prepare continuous homogenous membranes, the copolyimide/DMF 
and NMP membranes were cast in a vacuum oven. The resultant membranes did not 
crack but had a deep yellow color.   
 
8.3.2 PLM, XRD, FTIR and gas sorption characterizations  
 
Figure 8.3 s
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(referred as PI) membranes.  The morphology of PI-DMF membranes (i.e., 
CH2Cl2 and 
PI-NMP membranes, indicating the former has crystalline structure, while the latter 
two have amorphous morphology. Interestingly, the 6FDA/TMMDA polyimide film 
prepared from DMF has no crystalline structure.  
 






of membrane morphology cast from  
t solvents by PLM  
(a) PI-CH2Cl2, (b) PI-NMP and (c) PI-DMF  
 
It is well known that depending on chain length, rigidity and coplanar structure, 
polyimides may have the ability to form crystalline structures [174]. Since PMDA has 
a flat, linear and rigid structure and the ratio of PMDA to 6FDA is high (i.e., 6:1), 
Figure 8.3 A comparison 
differen
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6FDA/PMDA-TMMDA polyimide may have the ability to form crystalline structures. 
Dependent on chain rigidity and regularity, solvent properties, interactions between 
solvent and polymer, and interactions among molecular chains, polymer chains may 
extend themselves in various solvents with different configurations and then fold one 
another in order structures. In the case of DMF, it is a good solvent for the 
FDA/PMDA-TMMDA and the resultant polymer chains may possess high mobility 
for chain rearrangement. As a result, it forms a semi-crystalline structure in order to 
achieve a thermodynamically favored lower entropy configuration, though the 
crystallization mechanism is still subjected to investigate in the future. 
  
6









Figure 8.4 A comparison of XRD spectra for membranes cast from different solvents 
 
Figure 8.4 shows the XRD spectra of membranes cast from different solvents. The 
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d-spaces of PI-NMP and PI-CH2Cl2 films are 6.03 and 6.04 Å, respectively; however, 
the d-space of PI-DMF films is 5.84 Å. The peak shift confirms that the polymer 
chains in the PI-DMF films are arranged more orderly and tightly packed due to the 
solvent-induced crystalline structure. Besides, the peak of PI-DMF membrane is 
sharper as compared to others, and its shoulder peak at around 23 degree is more 
obvious. FTIR-ATR experiments were also performed, the FTIR spectra (not shown 
here) for all the membranes studied are the same, indicating no chemical reactions 
occurred during casting and drying. 





























a    ;  CO2
b
 N2
a       ;  N2
b
 CH4
a     ;  CH4
b
 
Figure 8.5 Sorption isotherms of 6FDA/PMDA-TMMDA films at 35 ℃ 
 a: PI-CH2Cl2 films; b: PI-DMF films  
 
Figure 8.5 shows the CO2, CH4 and N2 sorption results for the PI-DMF and PI-CH2Cl2 
membranes. The sorption concentrations of these three gases in PI-CH2Cl2 films are 
noticeably higher than those in PI-DMF when the pressure is greater than 5 atm. At 
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about 25 atm., the CO2, CH4 and N2 sorption concentrations in PI-CH2Cl2 are 33%, 
29% and 37% higher than those in PI-DMF films. This is because the crystalline 
structure in the polymer bulk tends to have a lower sorption capability owing to the 
reduced free volume in the ordered structure. Nevertheless, the apparent low sorption 
concentration clearly verifies the crystalline structure existing in the PI-DMF films. 
 
8.3.3 Gas transport properties of membranes cast from different solvents 
 
Figure 8.6 and Table 8.3 show the gas transport performance of 
6FDA/PMDA-TMMDA films prepared from different solvent casting protocols and 
undoubtedly indicate that their gas transport properties varying significantly. The 
permeability is in the following order: PI-CH2Cl2 > PI-NMP > PI-DMF for all tested 
gases. The PI-DMF films have abnormal low permeability because of the existence of 
crystalline structures. Based on the solution-diffusion mechanism, the vibration of 
polymer chains produces jump gaps for penetrant diffusion. In a semi-crystalline film, 
the permeation of gas is not only reduced by impermeable crystalline structure, but 
also by the hindrance of vibration by the ordered structure. As a result, the PI-DMF 
films h ighest 
among the three, possibly because of the low boiling point of CH2Cl2. During the 
ave the lowest - Hpermeability. The permeability of PI C 2Cl2 is the h
casting process, CH2Cl2 evaporates relatively faster compared to the high boiling-point 
ones, which may result in a greater fractional free volume (FFV) as pointed by Bos 
[236].  
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a. 1 Barrer = 1 × 10-10cm3 (STP)-cm /cm2 sec cmHg
b. Testing pressure = 3.5 atm.
c. PI = 6FDA/PMDA-TMMDA  
 







     PMDA-TMMDA[13] 
(thermal imidization)
(thermal imidization)










Figure 8.6 A comparison of gas transport properties for different membranes 
 
Table 8.3







 gives the detailed gas permeability and selectivity of various gases. The 
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o  
according this sequence: N2 (kinetic diameter: 3.64 Å) < CH4 (3.80 Å) < O2 (3.46 Å) < 
He (2.6 Å) < CO2 (3.30 Å) < H2 (2.89 Å). Except for He, CH4 and CO2 gases, the 
increasing order is consistent with decreasing kinetic diameter of gas molecules. 
Because permeability is a product of solubility and diffusivity, He has poor 
interactions (less solubility) with the polymer; therefore, its permeability is lower than 
that of H2 [179] for these polyimides. The high CH4 permeability over N2 permeability 
may be due to the fact that the former has much higher sorption than the latter as 
shown in Figure 8.5. For the CO2 case, its high permeability is not only due to its 
anisometric molecules [155, 151, 179], but also because of the superior so ption 
capability of the 6FDA/PMDA-TMMDA toward CO2 as shown in Figure 8.5. 
 
Table 8.4 Apparent diffusivity of different solvent cast films (10 atm.; 35 )℃  
Diffusivity x 108 (cm2/s ) 
rder of gas permeability for all gases studied is the same for these 3 membranes
r
Sample ID O2 N2  CH4 CO2
PI-CH2Cl2 28.4 8.85 3.34 15.3 
PI-NMP 22.7 6.80 2.26 12.0 
PI-DMF 18.1 5.49 1.71 8.45 
 
Table ilms 
and shows their overall magnitude following the same order as that of permeability: 
 8.4 compares the apparent diffusion coefficients of various gases in these f
PI-CH2Cl2 > PI-NMP > PI-DMF. The apparent diffusion coefficient for each 
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individual gas obeys the order: CH4 (kinetic diameter: 3.80 Å) < N2 (3.64 Å) < CO2 
(3.30 Å) < O2 (3.46 Å). The increasing order corresponds well with the increase of gas 
kinetic diameter except for CO2. Clearly the temporary gaps created by thermal motion 
of polymeric chains control the diffusion process, but the diffusion rate is strongly 
dependent on gas molecule diameter. For the CO2 gas, it may arise from the possibility 
of different orientations of its anisometric molecule [151].  
 
Opposite to the trend of permeability, the selectivity of all gas pairs shown in Table 8.3 
follows the order: PI-CH2Cl2<PI-NMP≤PI-DMF. The semi-crystalline structure of 
PI-DMF slightly increases the selectivity of the membranes by restricting the chain 




It is know imides n be syn ed by r chem or thermal 
imidization olyimi nthesize chemical imidization tend to have a 
higher perm an that synthesized rmal im tion [42  study, 
both 6FDA/ MMDA FDA-T A were synthesized by the chemical 
imidization method. However, no literature data are available for 
 
 A comparison of the current permeability data with literature values  
n that poly  ca thesiz eithe ical 
 method. P des sy d by 
eability th by the idiza ]. In this
PMDA-T  and 6 MMD
6FDA/PMDA-TMMDA. The only available data are for PMDA-TMMDA and 
6FDA-TMMDA made from thermal imidization as shown in Table 8.3 [136]. 
Compared the permeability and selectivity between our 6FDA-TMMDA and literature 
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values, it clearly indicates that 6FDA-TMMDA synthesized by chemical imidization 
have a higher permeability but a lower selectivity than that synthesized by thermal 
imidization. If the permeability ratio of 6FDA-TMMDA to PMDA-TMMDA remains 
the same for both chemical and thermal imidization cases, one may predict the 
permeability of chemical imidized PMDA-TMMDA and then 6FDA/PMDA-TMMDA 
based on the prediction from the logarithm of property versus volume fraction 
37-238] assuming the same density. The last two rows of Table 8.3 show the 
brane morphology on pyrolysis and CMSM 
ructures 
efore preparing carbon membranes, experiments were conducted to evaluate the 
[2
calculated permeability and selectivity, and indicate reasonable agreement between the 
predicted and the experimental values of the PI-CH2Cl2.  
 




thermal stability and degradation mechanism of PI-CH2Cl2 and PI-DMF membranes. 
Figure 8.7 shows a comparison of TGA results. The degradation temperatures (Td) of 
PI-CH2Cl2 and PI-DMF films are at 510 °C and 522 °C, respectively, indicating 
different morphological membranes have different degradation temperatures. The Td is 
defined at the temperature with 5% weight loss. PI-DMF films are more stable than 
PI-CH2Cl2 films possibly because the former has a crystalline structure (physical 
cross-linking) which may stabilize the membrane and delay the degradation. The 
residual weights at 800 °C for PI-CH2Cl2 and PI-DMF are 63.0% and 64.2%, 
- 169 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
respectively. These results are consistent with literature [239-241]. The general 
characteristics of gases evolved during the degradation process were also monitored by 
TGA-FTIR and found no much difference in degraded products (figure not shown 
here).  






Environm ent: N 2 Gas
Heating rate: 10 oC /m in









 GPI-CH 2C l2
 GPI-DMF
 
Figure 8.7 TGA results of PI-CH2Cl2 and PI-DMF films 
 
The XRD results for the PI-CH2Cl2 film and CMSMs derived from the PI-CH2Cl2 
precursor are compared in Figure 8.8. Before the pyrolysis, the d-space of the 
polyimide film is around 6.04 Å. However, after pyrolysis, the d-space shifts to the 
small values and the shift increases with an increase in pyrolysis temperatures. 
According to Figure 8.8, the d-spacing peak shifts to around 4.6 and 3.9 Å at 550 and 
650 °C, respectively. At 800 °C, a new peak is shown around 2.06 Å, which illustrates 
the carbon-carbon spacing (in graphite planes). This phenomenon is coherent with 
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other reports [230, 240].  At higher temperatures, the peak intensity around 4.6 Å 
decreases, while the peak intensity around 3.9 Å increases relatively. This implies the 
pore size and its distribution becomes smaller and narrower at higher pyrolysis 
temperatures. Eventually, a conjugate aromatic graphitic structure is formed and 
CMSMs exhibits the graphite nature of high selectivity.  Similar XRD results have 
been observed for the PI-DMF films. However, their peak intensity has small 
differences, indicating their pore sizes and pore size distributions are not exactly the 
same.  
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8.3.6 Gas transport properties of carbon molecular sieve membranes (CMSMs) 
 
Table 8.5 summarizes the gas transport performance of carbon membranes made from 
different morphologies. As it is well known, CMSMs adopt the molecular sieving 
mechanism which strictly discriminates the gas molecules by their kinetic diameter. As 
a result, the gas permeability of the newly developed CMSMs follows the order: CO2 
(3.3 Å) > O2 (3.46 Å) > N2 (3.64 Å) > CH4 (3.8 Å) irrespective of the precursor 
morphology. Both the permeability and selectivity of CMSMs are much higher than 
eir polymeric precursors. However, the trade-off relationship between permeability 
and selectivity observed for polymeric materials remains intact for CMSMs.  
 
Table 8.5 Gas transport performance of polymeric membranes and CMSMs derived 















a. 1 Barrer = 1 × 10-10cm3 (STP)-cm /cm2 sec cmHg
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PP * *Absolute permeability difference = 
( 1P = gas permeability of CMSM pyrolyzed from PI-CH2Cl2;  
= gas permeability of CMSM from PI-DMF) 
 
Table 8.5 also shows that there are obvious differences in gas permeability between 
CMSMs derived from PI-CH2Cl2 and PI-DMF under the same pyrolysis conditions, 
especially at lower pyrolysis temperatures. Figure 8.9 illustrates the absolute 
percentage difference in permeability vs. pyrolysis temperature for CMSMs derived 
from PI-CH2Cl2 and PI-DMF. The difference decreases significantly from 550 °C to 
800 °C. The remarkable difference at 550 °C is mainly due to the fact that the 
crystalline structure in the PI-DMF film delays the degradation and pyrolysis process. 
2P
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The 12 °C difference in Td between the PI-DMF and CH2Cl2 films may also play an 
important role, especially at lower pyrolysis temperatures such as 550 °C. As a result, 
the CMSM derived from the PI-DMF precursor is less porous and has much lower 
permeability than that from the PI-CH2Cl2 precursor. 
 
However, the situation changes greatly when the pyrolysis temperature is elevated 
from 550 °C to 800 °C. This indicates that the controlling factor for the CMSM 
structure at 800 °C is no longer the morphology of polymeric precursors, but the final 
pyrolysis temperature. Once the pyrolysis temperature is substantially higher than Td 
of the polymeric precursor, the degradation is almost complete at such high 
tempera I-DMF 
precursors has sim om PI-CH2Cl2 
precursors.  n e can be 
significantly affected  low temperature 
pyrolysis conditions (i.e., Td of the precursor is close to the pyrolysis temperature), 
tures. As a result, the permeability of CMSMs derived from P
ilar permeability to that of CMSMs derived fr
I  short, the CMSMs’ structure and separation performanc
by the crystalline structure of precursors at
while the CMSMs’ structure and performance is dominated by the pyrolysis 
temperature at high temperature pyrolysis conditions (i.e., Td of the precursor is far 
below the pyrolysis temperature). These results suggest that a new method to control 
the micropores and separation performance of CMSMs is to modify the polymeric 
precursor with crystalline structures before conducting the pyrolysis.  
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8.4 Conclusions 
 
The following conclusions can be made: 
1. Solvents play an important role on the 6FDA/PMDA-TMMDA membrane 
morphology and separation performance. The crystalline structure in PI-DMF 
membranes and its effects on gas separation have been characterized by PLM, 
XRD and gas sorption characterization, which is found to be quite different from 
that of amorphous PI-CH2Cl2 and PI-NMP membranes.  
2. DMF has a closer solubility parameter with 6FDA/PMDA-TMMDA, thus provides 
better environments for the rearrangement of molecular chains to achieve a 
thermodynamically favored lower entropy configuration. 
3. For any polymeric membrane, changes in the permeability of the tested gases are 
similar and follow the order: N2 (kinetic diameter: 3.64 Å) < CH4 (3.80 Å) < O2 
(3.46 Å) < He (2.6 Å) < CO2 (3.30 Å) < H2 (2.89 Å). 
4. In comparison of different solvent effects, the permeability and diffusivity are in 
the following order: PI-CH2Cl2 > PI-NMP > PI-DMF, while the selectivity follows 
the order: PI-CH2Cl2<PI-NMP≤PI-DMF.  
5. The gas permeability of CMSMs prepared from different morphological precursors 
all follows the same order: CO2 (3.3 Å) > O2 (3.46 Å) > N2 (3.64 Å) > CH4 (3.8 
Å).  
6. A higher pyrolysis temperature results in CMSMs with a higher selectivity and a 
lower permeability. 
- 175 - 
Polyimides Modifications and Carbon Molecular Sieves Derived from Polyimides for Gas Separation    Shao Lu 
7. The CMSMs’ structure can be significantly affected by the crystalline structures of 
precursors if the pyrolysis temperature is close to Td of the polymeric precursor. 

























The effect can be reduced if the pyrolys
8. A new method to control the micropores and separation performance of CMSMs is 
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CHAPTER NINE: CONCLUSIONS AND RECONMENDATIONS 
 
 Conclusions 






reactions at room temperature and improve the gas separation performance of 
polyimide membranes, especially for H2/N2, He/N2, H2/CO2. The cross-linking 
reactions were confirmed by FTIR, gel tests, and XPS.  
. DAB-G1 has the smallest molecules and highest activity toward cross-linking 
reactions, followed by DAB-G2 and then DAB-G3.  Comparing the gas 
permeability of 6FDA-durene cross-linked by different generations of DAB 
dendrimers at the same immersion time, the gas permeability decreases in the order 
of DAB-G1 > DAB-G2 > DAB-G3, which is due to that different dendrimers have 
different molecule sizes and reactivities.  
. Dendrimer-induced cross-linked 6FDA-durene membranes have shown the 
potential to surpass the gas separation performance set by the traditional 
permselectivity-permeability trade-off line. 
. The coupling effects of CHBA or EDA cross-linking and thermal annealing on 
polyimide membranes are characterized by FTIR-ATR, XPS, Gel Content, DSC, 
UV, SEM-EDX and TGA. The possible reaction mechanisms during cross-linking 
and thermal annealing are proposed based on the experimental results. It is found 
1. A new kind of dendrimers, DAB dendrimers, has been discovered as cross-linking 
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that icantly 
ubstructure in the polyimide membranes. 
 different gases in unmodified and 
7. 
high selectivity for He/N2 and H2/N2 
8. 
e facilitated CTCs formations. The 
aspects of shorter cross-linking time and lower treating temperatures. 
 the coupling effects facilitates the formation of CTCs and signif
modifies the s
5. According to gas sorption test, the solubility of
CHBA modified membranes follows the order: O2 < N2 < CH4 < CO2, which is 
consistent with the order of gases’ critical temperatures (N2: O2: -146.9 °C < -118.6 
°C < CH4: -82.6 °C < CO2: 31.0 °C). The sorption concentration of different 
modified membranes follows the order: Original (6FDA-durene) > CHBA-30min 
> CHBA-30min-100°C > CHBA-30min-200°C. 
6. It is found that the thermal annealing can effectively improve the CO2/CH4 
selectivity of CHBA cross-linked 6FDA-durene membranes without much 
reduction in permeability.  
The EDA cross-linking can effectively decrease the permeability and increase the 
selectivity of polyimides. The gas transport properties of the EDA cross-linked and 
then thermal treated polyimides show 
separations.  
The EDA modified and then thermally treated polyimide can stand as high as 720 
psia (50 atm) CO2 pressure due to th
plasticization resistance of polyimides can be practically achieved by 1) a shorter 
EDA cross-linking time followed by a higher annealing temperature, or 2) a longer 
EDA cross-linking time followed by a lower annealing temperature. Both of the 
two approaches show that EDA as a cross-linking agent is more efficient in the 
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9. 
olymeric chains have the 
10.
 that of pure gas tests in the EDA 
2 conditioning.  
above 450  and various gases released during degradations, ℃
12.
e maximum 
The combined effects of diamino cross-linking and thermal annealing are effective 
to form the CTCs because the flexible cross-linked p
strong ability to undergo thermodynamically rearrangement and form the CTCs 
during the thermal annealing. As a result, a great improvement in plasticization 
resistance is achieved by the proposed diamino cross-linking modification and the 
subsequent thermal annealing. 
 Mixed gas (CO2:CH4=50%:50%) permeation tests illustrate that the CO2/CH4 
selectivity of mixed gas tests is much higher than
cross-linked polyimide. The reason may be due to the strong interactions between 
CO2 and secondary amine produced by the EDA cross-linking, which is confirmed 
by FTIR-ATR study after CO
11. The physicochemical properties of membranes derived from the high Tg precursors 
(6FDA-durene) are thoroughly characterized. The results indicate that the 
intermediate stage membranes exhibit remarkable changes in chemical 
compositions 
namely CHF3 at around 450 , CO and C℃ -H at 500 , and other gas including F ℃
at 515 .  Besides, the d℃ -space and thickness of membranes show the initial 
increase in the intermediate stage but subsequently decrease especially in the 
carbon stage. 
 For P1 (heating rate: 3 /min) treate℃ d 6FDA-durene membranes, the maximum 
permeability for light gases (H2, He and CO2) occurs in the carbon stage (around 
550 ), which is due to the accelerated decomposition. However, th℃
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permeability for medium gases (O2, N2 and CH4) happens in the intermediate stage 
(around 475 ), which should be attributed to the increased chain mobility around ℃
the high Tg. Besides, the ideal selectivity generally shows double dips for the 
similar reasons. 
 Heat treatment on 6FDA-durene membranes at intermediate-stage temperature 
around 450  results in the m℃
13.
embranes with gas transport properties surpassing 
15.
 the selectivity follows the order: PI-CH2Cl2<PI-NMP PI-DMF.  
the trade-off line. The carbon membranes pyrolyzed by different heating rate (1 
/min and 3 /min) show different transport performance at low pyrolysis ℃ ℃
temperatures. However, at high temperature (800 ), the resultant carbon ℃
membranes pyrolyzed by different protocols show similar and superior gas 
transport performance. 
14. Solvents play an important role on the 6FDA/PMDA-TMMDA (referred as PI) 
membrane morphology and separation performance. The crystalline structure in 
PI-DMF membranes and its effects on gas separation have been characterized by 
PLM, XRD and gas sorption characterization, which is found to be quite different 
from that of amorphous PI-CH2Cl2 and PI-NMP membranes.  
 In comparison of different solvent effects, the permeability and diffusivity of 
6FDA/PMDA-TMMDA are in the following order: PI-CH2Cl2 > PI-NMP > 
PI-DMF, while ≤
16. The gas permeability of CMSMs prepared from different morphological precursors 
(6FDA/PMDA-TMMDA) all follows the same order: CO2 (3.3 Å) > O2 (3.46 Å) > 
N2 (3.64 Å) > CH4 (3.8 Å).  
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17.
18.







1. g and the following 
 
 A higher pyrolysis temperature (from 550  to 800 ) results in CMSMs derived ℃ ℃
from 6FDA/PMDA-TMMDA with a higher selectivity and a lower permeability. 
 The CMSMs’ structure can be significantly affected by the crystalline structures of 
precursors (such
to Td of the polymeric precursor. The effect can be reduced if the pyrolysis 
temperature is much higher than Td.  
 A new method to control the micropores and separation performance of CMSMs is 




ure research that can be done to improve the gas transport properties of membranes 
 include the following: 
To explore the commercial possibility of diamino cross-linkin
thermal treatment on the improvement of gas transport properties and 
plasticization resistance, commercially available polyimides (such as Matrimid) as 
a target membrane material should be chemically modified. The dense membranes
can be used for this research; however, it is suggested to use hollow fibers to carry 
out this research.  
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2. The thin film (less than 1 µm) should be chemically modified by various diamines 
in future works. The gas transport properties, plasticization resistance and physical 
3. 













age phenomena of diamino modified thin films should be studied. 
It is interesting to study the effect of diamino cross-linking and the following 
thermal annealing on the suppression of propane and propylene plasticization for 
industrial applications. 
4. The gas transport properties and plasticization phenomena of mixed matrix 
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